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JIpyKyeTbest 3a pimeHHsM BueHO! paau HanioHambHOTo yHiBepcuTeTy «UepHiriBecbka nomitextikay (mporokon Ne 7 Bix 01.07.2024 p.). HaykoBuit xypHain
«TexHiuHi HayKH Ta TEXHOJIOTIi» BHECEHO 10 TepeniKy HayKoBUX (haxoBHX BUIaHb YKpainH, 3aTBepkeHoro Hakazom MiHicTepcTBa OCBiTH i HayKn YKpaiHU Bix
11.07.2019 p. Ne 975 (3i 3minamu Big 09.02.2021 Ne 157), BianoBiaHo 10 sSKOro )ypHaly HajgaHo kareropito «by.

TexHiuHi HAYKU Ta TEXHOJIOT I : HayKOBHUiA xKypHai / HarjioHansHuii yHiBepeuteT «HepHiriBepka nositexHikay. — Yepwiris : HY «UepHiriBebka
nojiTexHikay, 2024. — Ne 2(36). — 344 c.

V xypHaJli BMIIIIEHO CTATTi, IPUCBAYEHI TEOPETHIHMM Ta €KCIIEPUMEHTAIIBHIM JOCITIUKSHHSIM y HayKOBOMY HanpsiMi « TeXHI4HI HayKiD» 3a CHeLanbHOCTMMU: TIPH-
KJIaJIHa MEXaHika, MaTepialo3HABCTBO, MALHOOY,TyBaHHs1, iH(OpMALiiiHO-KOMIT TOTEpHI TEXHOJIOT i, €/IeKTPOSHEPreTHKA, eNEKTPOTEXHIKa Ta eJIeKTPOMEeXaHika, XiMiuHi Ta
Xap4oBi TeXHOJIOTIi, OyIIBHULTBO Ta reoze3ist. CTaTTi MpopeneH30BaHi IPOBITHIMI BUSHHMH y BiINOBIIHUX TaTy3sX 3HAHb.
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TEXHIYHHX CIICIiadbHOCTeH 3aKIIaliB BULLOT OCBITH.
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JAOCJIZKEHHSI CIAJI OITOPY 3 BOKY MATHITHO-ABPASUBHOI'O
IHCTPYMEHTY IIPU OGPOBJIEHHI TOHKHUX JETAJIEU
THUITY JJOHATKA I'TJ

YV nposeoerniii pobomi docniosxceno cunu 10606020 0ROPY, WO GUHUKAIOMb NIO YAC MACHIMHO-AOPA3UEHO20 0OPOONIEeHH
TNOHKUX JIONAMOK 2a30mypOiHH020 08ucyHa. /l0cioxHceHo 6naue mexHoI0SIYHUX NAPaAMempie npoyecy, 30Kpema WeUuoKoCcmi
PYXY TIONAMOK 8300824 pOOOUOI 30HU MA 8ENUYUHU MASHIMHOT IHOVKYIT, HA cuiu Onopy 3 OOKY MacHIMHO-abpAa3UeHO20 IHCMpY-
MeHmY Ha 00poOniosaHi nogepxHi. Bcmanosneno, wjo 3pocmants wWeUOKOCME CRPUSIE 3HUNCEHHIO 8IOCOMKOBOT PI3HUYL MidC
MAKCUMATOHUMY MA MIHIMATOHUMU SHAYEHHAMU CUT ONOPY, A NPU MATUX MIOelesux nepemunax oemaetl npu3e00Uums makoxc
00 PYUHYBAHHS | «3pUBYY 6ePemeHON00IOHUX hopMY8atb Y MACHIMHO-AOPA3UEHOMY THCIMPYMEHM.

Knrouosi cnosa: macnimno-abpasuene 00podneHus; weuoKicms 06poONeHHs; MASHIMHA IHOYKYIsL, CUTU ONOPY; Mide-
Jesull nepemuH.

Puc.: 3. Bion.: 7.

AKTyaJIbHICTh TeMHM AocJiaxeHHsA. MarnitHo-aOpa3uBHuil iHCTpyMeHT (MAI) — ne iH-
CTPYMEHT, 1110 OPMYETHCS 3 MarHiTHO-a0pa3MBHOTO MOPOIIKY B MPOLieCl MarHiTHO-a0pa3uB-
Horo o6pob6nenns (MAO) [1], a #ioro BIacTUBOCTI 3aj1eaTh BiJl HU3KH (HaKTOPIB Pi3HOTO MO-
XOJUKEHHS (TUILY Ta pO3Mipy YaCTMHOK MarHiTHO-aOpa3WBHOTO MOPOIIKY, BETMUYMHN MarHiTHOI
IHIYKIII1, KOHCTPYKI[iT MarHiTHOI CUCTEMH, KIHEMaTHKHU Ta TUHAMIKU TpoIiecy 1 T. iH.). [Ipouec
MAO y BenMKHUX MarHiTHHUX 3a30pax 3/Ae0UTBIIOT0 3aCTOCOBYEThCA MpH (hiHITHOMY 00pOO-
JIeHHI BHpOOIB CKJIQAHOI (POPMH, TaKMX AK Pi3aJIbHUM 1HCTPYMEHT, JIOTIATKU ra30TypOiHHUX
neuryHiB (I'TJ]) 1 1. iH. bararodaxTopHicTs yMOB GpopmyBanHs MAI y BenMKUX MarHiTHUX 3a-
30pax CTBOPIOE TE€BHI YCKJIQHEHHS TIPH JTOCTIPKEHHSIX HOTO BIACTUBOCTEH, a BIICYTHICTH Bi-
JNOB1HOI 1H(OpMaIlii € nepenoHoro Ui €heKTUBHOTO BUKOPUCTAHHS METOAY Y BUPOOHUUMX
YMOBax YHacIiI0K HEJJOCTaTHOCTI 1H(opMallii mpo peajbHl CHIIH, IPOLIECH Ta SBUIIA, 1[0 Ma-
I0Th MicIIe 111 yac 00poosieHHs. Lle 6e3mocepeiHbO BITMBAE HA MOXIIMBICTE (PopMyBaHHS ede-
KTUBHOTO MAI Ta € KpUTHYHOIO TPOOIEMOI0 y PO3paxyHKy BEpCTaTiB JUisl MPOBEACHHS 00p00-
JICHHS Yepe3 HEMOXKJIMBICTh KOPEKTHOT MOCTAHOBKU TEXHIYHOTO 3aB/IaHHS.

AHaJi3 ocTaHHIX AocaizxkeHb i myomikaunii. ¥ poborax [1; 2] mokazano, o eheKTHBHE
MAO nonarok I'T]] Ha BepcTarti 3 KUIbLIEBOIO pOOOUOI0 30HOIO 3 BETMKMMHU MarHiTHUMH 3230-
paMu Ta, SIK HacliJoK, omip pyxy aeraiti 3 6oky MAI 6e3nocepeiHbo 3a1eKUTh BiJl IIBUAKOCTI
00poOienHs. BcranoBieHO, 1110 MpU MajIMX MIBUIKOCTIX 00po0IeHHs riepe 00poOIIFOBaHOKO JIO-
MaTKOI0 PYXa€eThCs Maca MOPOUIKY Y BUIVIAI KBa3iCTaOUIbHUX BEpeTEeHONMOAIOHNX (hOpMYBaHb,
TOOTO YaCTOYKHU IMOPOILIKY YTBOPIOIOTH YIIUIBHEHHH, MaToOpyXoMuil 00’€M 13 MOPOIIKY, KUK

© B. C. Maiibopona, 1. FO. [Ixyuiii, K. O. 3acrasckuii, 10. C. Hamimos, 2024
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MIPAKTUYHO HE PyXa€ThCS BITHOCHO OOpOOIIOBAHUX TTOBEPXOHB, 0COOIMBO B 30H1 aTaKyI040i Kpo-
MKH, [I0 3yMOBJIIOE€ MiHIMaJbHE BHJIAJICHHS MaTepialy AeTajl 3 KPOMKH i IMOBEPXOHb JIOTIATKU
61151 kpomku. [Tpu ipomy ymrineHeHa 30Ha B MAI mepenikopkae pyxy aeTaii B podouomy 3a3opi,
TOOTO BiAOYBaE€ThCs 30UTBIIICHHS CHIT ortopy. HaroMicTh 0OpoOIeHHS PU BUCOKUX IIBUAKOCTSIX
XapaKTePU3YETHCSI PO3PUBOM BEPETCHOMOMIOHNX (DOPMYBaHb MEpe]] NETALIIO Ta, K HACTIIOK,
AKTUBHOIO B3aemoieto yactTuHok MAI 3 ycima o0pobmroBanumu noBepxHsimu [1-3]. Came 3a-
3HAUCHE SIBULIIE JI03BOJIMIO PO3POOUTH TEXHOJIOTIUHI 3aCaI1 I pO3MIPHOTO (POPMYBaHHS BXiJI-
HUX 1 BUX1IHUX KpOMOK Jionatok kommpecopiB I 'TI. IIpore orpumani nornepeHi pe3yasraTu cy-
nepevarb JaHUM OTPUMAaHUM Y JOCHIDKEHHsX, HaBeaeHux y [4; 5]. Tomy mouinbHEM €
MPOBENICHHS JETATBHIIIOr0 aHalli3y BIUIMBY HIBHAKOCTI 00po0ieHHs Ha cuity onopy ripu MAO 3
BUKOPHUCTAHHSM SK 3pa3Ky JIOIIATKU KOMIIPECopa ra3oTypOiHHOTO IBUTYHA.

MeTo10 po60TH € HOCTIAKEHHS CHII JIOOOBOTO OMOpY, IKUi BUHUKae B nporieci MAO npu
B33a€MOJIii MarHiTHO-aOpa3UBHOIO IHCTPYMEHTY 3 jonarkoro ['TJ] 3anekHo BiJl TEXHOIOTTYHUX
napaMeTpiB IpPoIECy.

Jns BUu3HaueHHs HopManbHUX cuil ipd MAO ToHKOT Jetani OyJl0 BUKOPUCTAHO METOIUKY
JOCITI/PKEHHS! HOPMAJIbHOI CKJIaJI0BOT CHJI, 110 /1iF0Th Ha AeTaib 3 60ky MAI HaBeneny B [5]. 3pa-
3KaMH, 1110 BUKOPUCTOBYBAJIM B €KCIIEPUMEHTI Oyiu Jionatku komipecopa I 'TJ ToBmuHOIO 1 MM,
BUCOTOIO 35 MM. 3pa3Ku BUTOTOBIIEHI 31 crutaBy Tutana BT-8. [1IBuakicTs pyxy Jionarok B po0o-
yiif 30H1 BapitoBajach B jiamna3oni 1-3,5 m/c, a iHayKiis MarHiTHoro nons B mexax 0,2-0,25 T

Ha puc. 1 HaBeneHO ricTorpaMu 3aj1exHOCTI cuil onopy 3 60xKy MAI Bi BeTMUMHH IBH/I-
KOCTI Ta MarHiTHOI iHAYKLIi Ipyu 0OpoOIeHHI TOHKOT IeTaJIi.
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Puc. 1. 3anesxcnicms 3nauenv cun onopy 3 6oky MAI 6i0 eenuuunu maeHimuoi inOykyii ma
weuokocmi oopoonenns npu MAO nonamxu I'T/] nopowxamu Ionimam-T 200/100 mxm (a),
400/315 mxm (8) ma Honimam-M 200/100 mxm (6), 400/315 mxm (2)
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Busnaueno, mo o0poOneHHs TOHKOI jetani mopomkamu 3 3epHUCTicTIO 200/100 MM
(puc. 1, a, 6) He Mae SBHOTO BIUIMBY IIBHAKOCTI OOpOOJICHHS HA CHJIM OTIOPY, BILIUB BEJITUYHHH
MAarHiTHOI 1HIYKIii 3aJIMIIA€ETHCS CYTTEBUM, X0Y 1 MEHIIIUM HIX MTPU 0OPOOSICHH] IIMITIHAPUIHUX
1 MpU3MaTHYHUX JeTaleH 3 XapakTepHUMHU po3MipaMu 8-16 mm [6]. BcranoBneHo, 1110 3HaYSHHS
cum onopy 1mpu MAQO TOHKOI JieTaim CyTT€BO MEHII HIX Mpu 0OpOOJICHHI OLTBIINX JeTanen
[6; 7], 110 MOSICHIOETHCS BUXOASYM 3 BEJIMIMHH MiJIC/ICBOTO MIEPETHHY JOCIIHKYBaHHX JCTaJICH.
3azHaunmo, mo mpu oOpobmenHi yonarok ['TJ[ mopomkamu 3 3epuuctictio 400/315 mxm
(puc. 1, 8, 2) Mae miciie 3MiHa yMOB B3aemozii MAI 3 00po0It0BaHUME TOBEPXHSIMHE, OCOOIMBO
MpU MiABUIIEHUX MIBHIKOCTSIX PyXy JETajeil B3IOBK KiJbIICBOI BAaHHU 1, SIK HACIIIOK, 1HIIUI
xapakTep mporiecy o0pobneHHs. BusHaueHo, Mo npu MmMBUAKOCTIX 00pooneHHs 3—3,5 M/c ipu-
CYTHE pi3Ke 3HIKeHHs cuil onopy (Ha 10-25 %). Lle minTBepkye siBUIIa, onucaHi B podoTax
[1-3], moB’s13aHi 3 yMOBaMH YTBOPEHHS 1 pyHHYBaHHS BEPETEHOMOMIOHUX CTPYKTYPHHUX €JIEMEH-
TiB B ckiafi MAI siki 6e3nmocepeIHb0 KOHTaKTYIOTh 3 00pOOIIFOBAHOIO JIOMATKOIO.

JUi1st Kpamoro MosiCHEHHsI SIBUIIA PO3PHUBY BEPETEHONOAIOHNX yTBOpeHb B MAI HeoOXinHO
PO3IIISIHYTH MOBEIIHKY IMOPOIIKY B 30HI IIepes neTauto. CXxeMaTHyHO NOBEAiHKAa YAaCTHHOK Ma-
rHiTHO—a0pa3uBHOro nopomky (MAII) mokasana Ha puc. 2. [pi6ni 3epra MAII ¢pakmii
200/100 MKM TpH HEBEIHMKHX MIBHIKOCTSX MEpeMillleHHs AeTaneidl (10 3 M/C) yepe3 CyTTeBY
PI3HULIIO B PO3Mipax YaCTHHOK 1 MPECTaBHUIIBKUX 00’ €MiB, siki popmyroTbes B MAI yTBOpIo-
I0Th TIepe]] BXITHOIO KPOMKOIO JIOMATKU YIIUIbHEHY KBa3icTabuIbHYy 30HY (pHC. 2, a). YIIiib-
HEHa 30Ha, 3aTPUMYIOUUCh Ha BXIHIA KpoMIli, pyxaeTbcsi B MAI pa3om 3 Jomarkoro i nmeperi-
KOJKa€ BUTBHOMY OOTiKaHHIO TIOBEpPXHiI 00poOoBaHoOi neTasi. Big3zHaunmo, mo JoAaTKoBO B
VIIUTEHEHIH 30HI Ma€e Miciie 30UIbIIICHHST MAarHITHUX CHJI, IO 3’ €IHYIOTh YAaCTOYKH IMOPOIIKY
Mk c00010. Y pe3ynbTari pyXy JIONaTKH pa3oM 3 3a3Ha4€HOI0 30HOI0 Ma€ MICIle 3pOCTaHHSI CUII
onopy 3 60ky MAI BHaciJoK 3pOCTaHHS BETMYMHH MiJI€JIEBOTO MEPETUHY, IKUW BU3HAUYAETHCS
po3MipaMH yIibHEeHOi 30HU. Taki ylIinbHEH1 30HH 3a100iraloTh po3pHBY BEpETEHONOAI0HMX
(opMyBaHb MOPOLIKY, TPAHUIIL IKUX TTOKa3aH1 IITPUXOBUMHU JIIHISIMH, Ta YTPUMYIOTh CTa01IbHO
BHUCOKI 3Ha4yeHHs cwin omopy. HaromicTe wacTkum mnopomiky 3epHuctictio 400/315 Mxm
(puc. 2, 6) He CXHIIBHI JI0 3aTPUMKH 3HAYHOI MacH MOPOIIKY Ha TOpIi 0OpoOIroBaHO1 JAeTali,
yepe3 BiIHOCHO BEJIMKHUIA PO3Mip 3epeH y MOPIBHAHI 3 BX1IHOIO KpOMKOIO Jietani. Takuit xapa-
KTEp PO3MIILEHHS 3€PEH CIIPUSE SBUILY PO3PUBY BEPETEHONOAIOHMX YTBOPEHDb MOPOIIKY MPU
BHUCOKHUX IIBUIKOCTSAX OOpOOJIEHHS, Ta, K HACTIJIOK, CIIPUsE PI3KOMY MaJIHHIO CHUJI OMOpY 3i
ctopoun MAL Ile gakTtuuHo miaATBEpAXKY€E, HaBeneHUN y pobortax [1-3], edext pyliHyBaHHS
BEPETEHONOIOHUX YTBOPEHB 3 TOPOLIKY, SIKI (POPMYIOThCS B CEpENIHINH YaCTHHI 3a30py Mepes
JIETAJUTIO TIPY BUCOKUX MIBUAKOCTIX 00poOaeHHs. BapTo Takoxk 3a3HauuTH, 10 HAHOLIbII aK-
TUBHO I fABMIIE crnocrepiraerbess npu MAO 3 BukopucTaHHsM mnopoiuky I[lomimam-M
(puc. 1, 2). Lle moxe OyTu MOB’A3aHO 3 OKPYIIIOK0 (hOPMOIO 3€PEH TAKOTO MOPOIIIKY, 110 3yMOB-
JIFO€ MEHII CHJIHM 3aKJIMHIOBAaHHS MK YaCTOYKaMH MOPOILIKY Y MOPIBHIHHI 31 CKaT4acTUM, 1110
CBOEIO YEProl0 CIPHSIE aKTUBHOMY PYWHYBAHHIO BEPETEHOIOMIOHUX YIUIEHEHNX YTBOPEHbD Y
cTpykTypi MAIL 3puBY 4acTHHOK MOPOIIKY 3 JOOOBOT MOBEPXHI — KPOMKH JIOTIATKU HUIIXOM
PO3’€IHaHHS YAaCTUHOK 1 CTPYKTYPHHUX YTBOPEHB B MOPOIIKY MiK COOOIO.

[IpoanamnizoBaHa pi3HUIA MiXK MiHIMATbHUMHU Ta MAaKCUMAJIbHUMU 3HAUEHHSMU BEIUYUH
CHJIH oTopy 3aikcoBaHMX 0O HAHHAM MPOTAroM neBHoro yacy MAO. Busnaveno (puc. 3),
10 KOJIMBAHHS MK MaKCHMaJbHUMH Ta MIHIMaJIbHUMHU 3HaYE€HHSIMHU CHJI JIOOOBOTO OTIOPY CYT-
TEBO 3HMKYIOTHCS 31 3pOCTAaHHSAM MIBHAKOCTI 0OOpOoOeHHs, TOOTO BiOyBaeThcs cTadimizalis
npouecy MAO — mae miclie piBHOMIpHE «00TikaHHs» popmyBaHHIMH MAI 00po6itoBaHoi Mo-
BepxHi. BiZicoTkoBe 3HaUEHHS B PI3HUIII MAKCUMAaJIbHUX Ta MiHIMaJIbHUX 3HAYEHb BITHOCHO Ce-
PEIHBOTO 3HAUEHHS CHJIM OTOPY MPU MAJHMX IIBUAKOCTAX 00pobieHHs caraino 45 %, npu Bu-
cokux — He Ounbmie 10 %.
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PosipBaHe BepeTeHonoxiGHe
cTpyKTypHe (hopmyBanns MAI

Puc. 2. Cxemamuune npedcmasnenus 63aemooii 6epemeHonodionux ¢hopmysars
v MAI cghopmosarnozo 3 Opibnozeprucmux (a) ma Kpynuosepuucmux (6) nopouiKie
npu MAO monxoi demani muny nronamxa komnpecopa I'T][
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Puc. 3. 3mina senuyunu cun 10606020 onopy y npoyeci MAO
npu 06pob.enti moukoi demani nopowikom Ionimam-M 400/315 mxm 3i weuoxkicmro.
a—1m/c; 6—3m/c; 6—3,5m/c
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BcranoBieHo, 1o TeHACHIT B 3MiHI PI3HUII MiHIMAJIbHUX Ta MAaKCUMaJIbHUX 3HAUCHb HE
3MiHHI TIpU Oy/Ib-SKUX yMOBax 00poOiIeHHs Ta Oyb-sIKUX po3Mipax oOpoOioBaHoi aerai [6].
Pi3Hu1sg MiHIMabHUX Ta MAKCUMAJIbHUX 3HAYCHB CIAJIa€ NP 301UIBIICHHI IIBUIKOCTI PyXY Je-
TaJi B pobouiii 30Hi. Lle Moxke OyTu moB’s13aHe 31 crienu()iYHUMH BIIACTUBOCTSIMH CEPEIOBHUIIA
MALI, turry binramoBchKOTO cepeoBHIna (MIOBEIIHKA TBEPAOTO Tija O TOYKH 3CYyBY Ta P1JKOTO
iCJIs), @ TAKOXK MEPEXOIY YMOB «Teuii MOPOIIKOBOTO CEPEIOBHIA» 3 TYpOYJIEHTHOTO B JaMi-
HapHUI 31 30UIBIIEHHSIM HIBUIKOCTI PyXY [1]

BucHoBku. BukoHnaHni 10CiDKEHHS TIATBEPIMIN HaBeIEH] y monepenHix podorax [1; 2]
ocobnuBocTi noBeninku MAI mpu 06po0IeHHI TOHKUX JIeTaliel, a caMe PO3pUB BEPETEHOIO -
OHMX YTBOPEHb Ha BUCOKUX LIBUAKOCTIX 0OpOOJIEHHS 1 HOro MpsIMUIA BIUIMB Ha €(PEKTUBHICTh
00poOJIeHHS Ta 0COOJIMBOCTEH B 3MiHI YMOB B3a€MOIII JA€Talll 31 CTPYKTYPHUMH KBa3iCcTa011b-
HUMH yTBOpeHHsMU B MAI. BusnadeHo, 110 BIUIMB IIBUAKOCTI OOpPOOJICHHS HAa CHIIy OIOPY
pyxy aerani 3 6oky MAI, npucyTHili Ipy BIIHOCHO BHCOKHX IIIBUIKOCTSIX OOPOOJICHHS Ta BiJI-
HOCHO MaJIuX po3Mipax MiJIeJIeBOT0 MIEPETHHY AeTali. 3a3HaueHe siBUILe "3puBy" 1 pyHHYBaHHS
BepeTeHonoAiOnux GpopmyBanb B MAI npu MAO Tonkux jonarok kommnpecopis I' T € miar-
PYHTSM Ui epeKTHBHOTO (hOpMYBaHHS pasiiyCciB OKPYIJIEHHS KPOMOK JIOTIATOK Ha (iHIMIHUX
erarnax ix BurorosiaeHHs. [loganpmnn 1ocaiykeHHs TOLIJIBHO MOB'SI3aTH 3 BIUIMBOM PO3MIpY Ta
(GbopMH YaCTMHOK MOPOLIKY Ha cuity onopy MAI pyxy 3pa3kiB.
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RESEARCH OF DRAG FORCES ON THE PART OF THE MAGNETO-ABRASIVE
TOOL DURING THE FINISHING OF THIN PARTS SUCH
AS THE BLADE OF A GAS TURBINE ENGINE

At low speeds of magneto-abrasive finishing of gas turbine engine blades on the machine with an annular working zone with a
large magnetic gap in front of the surface being finished, the slow-moving volume of powder is formed. On the other hand, at the high
speed of part movement in the working zone, the spindle-like formations break in front of the part, which causes a more active inter-
action of the magneto-abrasive tool with the finished surfaces. However, the previously obtained results are somewhat contradictory
and require a more detailed study of the effect of the machining speed on the drag force at finishing parts of this type.

The aim of the work is the study of the drag forces, that arise in the process of magneto-abrasive finishing during the inter-
action of the magneto-abrasive tool with the gas turbine engine blade, depending on the technological parameters of the process.

For experimental determination of the normal drag forces during machining a thin part with a thickness of 1 mm and a
height of 35 mm, was machined at a speed of movement in the working area, which varied from 1 to 3 m/s with an induction of
0.2 to 0.25 T. The behavior of the powder in the area in front of the moving part during machining by different powders and
the difference between the maximum and minimum values of the drag force were analyzed.

The obtained results confirmed the previous studies of the behavior of the magneto-abrasive tool during the machining
of thin parts, namely, the breaking of spindle-like formations at high machining speeds and its direct effect on the efficiency of
finishing and the peculiarities of changing the conditions of the interaction of the part with the structural quasi-stable for-
mations of the magneto-abrasive tool. It was determined that the influence of the machining speed on the drag force to the part
movement by the magneto-abrasive tool occurs at relatively high machining speeds and relatively small dimensions of the
middle cross-section of the part. The specified phenomenon of "breakdown™ and destruction of the spindle-like formations of
the magneto-abrasive tool during the machining of thin blades of gas turbine engine compressors is the basis for the effective
formation of the radiuses of edges rounding of the blades on the final stages of their manufacturing.

Keywords: magneto-abrasive finishing, machining speed, magnetic induction, drag forces, middle cross-section.

Fig.: 3. References: 7.

Maii6opona B. C., xymniii /. 1O., 3actaBceknii K. O., Hamimos 1O. C. JlocniukeHHS cuit oropy 3 60Ky MarHiTHO-aOpa3sHBHOTO iHCTPYMEHTY
npu 00poGIieH I TOHKHX aetaneii tumy nonatka [ T/, Texuiuni nayku ma mexnonoeii. 2024. Ne 2(36). C. 9-14.
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SUSTAINABLE PRACTICES OF CONCRETE MANUFACTURING

Construction using eco-friendly, recycled or bio-materials sustainably is the way to reduce carbon footprint, natural resource
depletion, which is vital for our well-being and further development of humanity. It is well known, that reinforced concrete is one of
the most preferable construction materials in the many areas of application. At the same time, concrete manufacturing, Portland
cement specifically, turned out to be the most polluting process with enormous amounts of CO2 emission resulting in some environ-
mental issues known as global warming or the greenhouse effect. To go green and minimize the issues mentioned above, the shift of
our habitual concrete manufacturing practices toward more sustainable and ecologically friendly is required.

The efforts of scientists all over the World to reduce CO2 emission and resource consumption while concrete production
resulted in bio- and green concrete appearance. The idea of bio-concrete (or self-healing concrete) relies on the biomimicry
concept of cement manufacturing through the adaptation of natural elements, models, patterns and systems for human problem
solvation. Thus, the potential of the surrounding microbiome (germs and microbes) for concrete self-healing, particularly, for
CaCOs reproduction when cracking starts to accrue was established.

The idea of green concrete is quite different and mainly relies on the substitution of conventional portlandite with other
supplementary cementitious material such as ground granulated blast furnace slag (GGBFS), fly ash (FA), or pozzolanic one
known as silica fume (SF) as well as metakaolin (MK).

This paper provides a comprehensive overview of impact of sustainable construction materials for concrete production
on its mechanical properties. It was shown, that the usage of GGBFS, FA, SF or MK incorporation as a partial replacement
of ordinary Portland cement while concrete production improves its mechanical properties, particularly, compressive, ten-
sile and flexural strength.

Key words: Sustainability; concrete manufacturing; biomimicry; bio-concrete; self-healing concrete; green concrete.

Fig.: 7. Table: 8. References: 45.

Urgency of the research. Currently, the consumption of concrete takes second place after
water all over the globe. This is mainly due to the fact that concrete is the most versatile manmade
construction material and its application is truly widespread. However, because of its outstanding
mechanical properties, particularly compressive strength and durability, concrete is extensively
used as a main building material for now and its consumption is quickly ramping up [1; 2].

Target setting. As far as it's known the vast majority of modern concrete is mainly made
of Portland cement as a crucial part of it, the production of which is related to the limestone
baking at incredibly high temperatures [3]. The latter inevitably leads to a significant amount
of CO2 emission to the atmosphere creating an environmental warning known as global warm-
ing or greenhouse effect [4]. Itis also known that almost 10 % of the total CO, emissions world-
wide are associated with the production of concrete, as the main building material. On top of
that, excessive concrete consumption has released another vital issue related to the resource
depletion the water, limestone and clay in particular [5].

Actual scientific researches and issues analysis. According to [6] the Portland cement pro-
duction process is as energy-intensive as the aluminum or steel manufacturing. The intention to
go green and minimize natural resource consumption requires shifting our habitual concrete man-
ufacturing practices toward the more sustainable and ecologically friendly. For these reasons, the
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attention of researchers all over the world is drawn to the search for innovative ways, technologies
and materials for concrete production that provide a low carbon footprint, and significantly reduce
energy and resource usage or waste, which is generating pollution of our ecosystem.

The research objective. The aim of this paper is to provide a deeper understanding of the
peculiarities of the newest materials and practices as modern trends of concrete manufacturing
in a sustainable manner. In this case, the current paper is more of an overview.

The statement of basic materials. It is well known that along with the ecological problem
related to the high amount of CO2 emission while manufacturing, reinforced concrete backfires
from the environment, in particular, chlorides attack or CO itself [7, 8]. This is mainly because
of the penetration of aggressive chemicals such as chlorides, sulfates let alone carbon dioxide
into the pores of the concrete cement stone. This leads to a dramatic reduction in pH from ~12
to the level of ~7 — 9 inside the porous moisture of a cement stone, initiating the corrosion
processes in the metal rebar [9, 10]. With the corrosion exposure on reinforcement rebar, the
joining of which is typically made by arc welding, the different defects of the joint’s inhomo-
geneity start to occur [11, 12]. The latter results in the cracking and consequent reduction in the
bear capacity of the concrete structure, thus its durability [13].

For now, in order to prevent such a detrimental environmental impact on concrete by ex-
tending its lifespan along with the reduction of pollution emission during Portland cement pro-
duction there are a number of highly engineered sustainable cementitious composite materials
have been invented. Bio- or self-healing concrete, green concrete and ultra-high performance
concrete (UHPC) should be mentioned among them.

Bio-Concrete. The search for solutions to environmental issues as well as the intention of
increasing the lifespan of concrete structures forced engineers to look up to nature. This became
the impetus for a new modern trend in the field of engineering, which was called biomimicry,
which adopted elements of natural models, patterns and systems for regenerative solutions re-
lated to sustainable development, particularly in the construction sector [14, 15].

Biomimicry in construction, first of all, is aimed to reduce CO, emissions, minimize resource
consumption by using recycled, bio-, or eco-materials and deep implementation of construction
into nature, thereby creating a non-toxic and eco-friendly architectural environment [16].

The concept of biomimicry is not new enough, but the idea of bio-concrete as an integral part
of sustainable construction refers to the early 2010s. The main idea of biomimicry relies on the
fact that the surrounding microbiome such as germs and microbes forcing a fight for survival in
a constantly changing and extremely harsh environment have been able to adjust to it. Thus, it
has been suggested that these microorganisms, who have overcome natural selection, will be able
to solve of human problems related to the sustainability in construction in a long run [17].

Bio-concrete fully corresponds to this concept, as a self-healing system. Similarly to the hu-
man organism’s natural repair system known as a vegetative one, which reacts to the appearance
of tears or fractures by initiating certain chemical signals, followed by the delivery of regenerative
biological agents to the site of injury. In terms of concrete healing, as a crack sealant agents there
are the bacterial cultures that partake in limestone formation (CaCOs3) can be used. According to
[18], such bacteria can be cyanobacteria, purple bacteria and methanogenic archaea that have
been adapted over time and freely exist in the alkaline environment of the porous moisture of
cement stone. The authors of [19] have noted, that the processes of concrete self-healing can be
successful enough only in a humid environment where bacteria exists peacefully.

Since, as is known, Portland cement is mainly made up of calcium silicates, namely: Alite
(3Ca0-Si02) - 40 - 65% and Belite (2Ca0-SiO2) - 15 — 40%, which are products of limestone
and clay processing. In the process of water saturation of cement stone from the environment,
its hydration takes place. As a result, calcium hydroxide Ca(OH)2 is formed, which is usually
called a pore liquid or moisture:
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3Ca0S8i0,+2H,0 = 2Ca0SiO;H,0\ + Ca(OH),. (1)
In turn, the porous moisture Ca(OH): reacting with atmospheric CO2 results in a calcium
carbonate (CaCOs) formation with excess water [20]:
Ca(OH), +CO, — CaCO, +H,0. (2)

Thus, the mechanism of concrete restoration using bacteria is carried out mainly through
the transformation of CO» to carbonate. The reaction of concrete healing, in this case, can be
explained as follows [19]:

CO,+4H, - CH, +2H,0, 3)
CH, +SO;” — HCO, +HS™ +H,0, 4)
Ca*" +2HCO; <> CaCO, +CO, +H,0. (5)

Here oxygen and carbon dioxide entering the cement stone from the environment are trans-
formed into methane (CH4) as a result of methanogenesis, as a by-product of the archaea’s
activity. Sulfates (SO4%), that also penetrate the capillaries of cement stone from the outside,
serve as a kind of chemical pulses for the activation of regenerative agents, oxidizing methane
to form anaerobic bicarbonates (HCOs, 2HCO3), which, in turn, reacting with calcium ions
(Ca2"), restores of limestone. This is exactly the way of autogenous healing of concrete. How-
ever, it should be understood that the processes of a concrete self-healing are not well-devel-
oped for now and it's mainly of a presumption.

Green concrete. Another way of environmental menace reduction while concrete produc-
tion is the use of ecologically oriented materials and processes instead of conventional ones.
The term "green concrete" is relatively new and mostly refers to the second half of the 2010s.
The process of green concrete manufacturing is closely intertwined with the use of recycled or
natural coarse aggregates as well as alternative binders are designed to reduce the carbon foot-
print downsizing natural resources consumption [21; 22].

The comprehensive literature overview allowed us to differentiate the next categories of
environmentally enhanced materials for green concrete production: 1) Concrete with the ground
granulated blast furnace slag (GGBFS); 2) Concrete with fly ash (FA); 3) Concrete with the
silica fume (SF); 4) Concrete with the metakaolin (MK).

As far as it's known the slag is the side-product of cast iron smelting in a blast furnace or
converters [23, 24]. It possesses incredible binding properties that make the slag so attractive
as an active supplementary cementitious material for construction in a sustainable manner.

The impact of GGBFS incorporation in a cement mixture at a different percentage on the
compressive strength of concrete was comprehensively studied at [25].

The studies were carried out after 7, 28 and 90 days of concrete aging with the complete
number of tests of 65. The obtained results were compared with the similar, obtained for a 100%
Portland cement mixture. The results of concrete compressive strength depending on w/b (wa-
ter/binder) ratio for 10, 20, 40, 55, 60 and 80% of the slag replacement level are given in Fig. 1.

Analyzing the obtained results the authors have noticed that concrete compressive strength
with the 10% of slag replacement after 7 days of aging was quite lower rather than conventional
concrete mixture with 100% of Portland cement. The value of concrete compressive strength
goes up with the increase in GGBFS replacement up to 60% for 28 and 90 days of aging ex-
ceeding such a value for conventional concrete.

The authors have also admitted the reduction in water consumption in a w/b ratio as the
GGBFS percentage increases in a concrete mixture. The authors emphasize that the mixture with
60% of slag is an optimal one. Such results are in close agreement with those, obtained in [26].
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Fig. 1. GGBFS cement replaced concrete compressive strength depending on W/b ratio at: 7
days (a); 28 days (c); 90 days (e) of aging. Compressive strength of GGBFS/100% Portland
cement ratio at 7 days (b); 28 days (d); 90 days (f) of aging [25]

On the other hand, the usage of pulverized fuel ash, mostly known as fly ash (FA), for
Portland cement replacement while concrete manufacturing has also been known and widely
applied. However, the long-term industrial application of concrete with FA replacement has
shown the necessity of strict limitation of FA especially at higher replacement levels. In this
case, as was shown in [27], the optimal percentage of FA in concrete is mainly revolving
around 15 — 20%. In [28] was also shown that a high percentage of FA replacement in a
concrete mixture (beyond 30%) leads to retardation of strength development and hence, re-
duced early concrete strength. In [29] it was also noticed that an excessive amount of FA
(about 50 — 70%) in concrete mixture inevitably leads to compressive strength reduction com-

pared to the reference one.
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The authors of [28] have also revealed that the incorporation of FA in concrete reduces its
permeability, thus increasing compressive strength. The four concrete mixes with 0% (neat
concrete), 15%, 30% and 45% of FA with the same W/b ratio of 0.6 were studied. The coarse
(1195 kg/m3) as well as fine aggregates (565 kg/m3) were used. The composition of concrete
mixtures is given in Table 1.

Table 1 — The composition of concrete mixtures [28]

Mix | W/B | PFA Mix Proportions (in kg/m?)
% | opc | PFA |Water| cA | FA
PFAO 0.6 0 383 - 230 | 1195 | 562
PFALS (0.6 15 3255 | 57.5 | 230 | 1195 562
PFA30 (0.6 30 268 115 | 230 | 1195 562
PFA45 (0.6 45 2106 (1724 230 | 1195 | 562

Compressive strength tests were conducted after 3, 7, 28, 59 and 91 days of exposure ac-
cording to BS EN 12390-3:2009. The results of compressive strength tests at specified ages are
shown in Fig. 2 and Table 2.

Table 2 — The results of concrete compressive strength tests [28]

Mix Age (in days)
3 7 28 59 91
PFAQ 2096 | 2769 | 3699 | 4267 | 3489
PFAL1S 16.00 | 21.69 | 3225 | 4341 38.65
PFA30 14.42 1794 | 3260 | 3650 | 4194
PFA45 8.53 1120 | 2127 | 2454 | 3595
T Ll
=40
2
iy
£30 -
c
b
20 -
=
v
a
510 |
=
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Fig. 2. Compressive strength development at different PFA replacement values [28]

Analyzing the obtained results, the authors have noticed the highest compressive strength
about 20.96 MPa and 27.69 MPa for 100% Portland cement mix (PFAQ) at the early age of 3
and 7 days, accordingly. This is mainly because of the higher hydration rate of pure cement at
an early age. Meanwhile, the lowest values of a concrete compressive strength in the early days
of aging about 8.53 MPa and 11.20 MPa for the PFA45 mix with the highest FA replacement
were observed.
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However, adding FA in a cement mixture of about 15 to 30% seems beneficial in the long
run. Thus, in accordance with the results, the PFA15 and PFA30 concrete mixtures provide the
highest level of concrete strength about 43.41 MPa for 59 days and 41.94 MPa for 91 days of
aging accordingly. The authors have concluded that the incorporation of FA with the value of
15 — 30% replacement into a concrete mixture allows for reducing its permeability improving
later age compressive strength.

The long-term industrial practices have set another effective way of concrete mechanical
properties and dynamic behavior enhancement replacing ordinary Portland cement (OPC) with
the pozzolans [30]. In [31, 32] it was shown that the use of silica fume (SF) as a substitutional
material in concrete manufacturing leads to the increase of its compressive strength and flexural
strength improving corrosion behavior and durability of concrete structure as a whole. On top
of that, the good rheological properties of SF because of the microscopic size of its particles
(about 0.1 to 0.5 pm in diameter) provide SF with an excellent filling effect that can easily fill
the gaps in the cement past reducing its pore size and capillaries, contributing to a more dense
and homogeneous concrete [33].

Considering the mentioned above, the practice of OPC replacement with the SF for con-
crete mechanical properties improvement has sparked an enormous interest of engineers and
researchers all over the globe.

The impact of SF replacement on the mechanical properties of concrete, specifically its
compressive and tensile strength was studied in [34]. In their research, the samples of 75 mm
in diameter and 150 mm in height containing different percentages of SF, as given in Table 3,
were subjected to quasi-static and dynamic loading tests. For this purpose, the MTS testing
machine is equipped with a computing system, speed-regulating system as well deceleration
system. The external view of specimens before testing is given in Fig. 3.

Table 3 — Mix proportion of concrete with different SF levels by weight [34]

Mass of Concrete Ingredients (kg/m?)

Items  Water Cement SF Fine Aggregate = Aggregate
I 210.00 389.00 - 614.00 1141.00
I 210.00 340.80 48.20 614.00 1141.00
i 210.00 326.28 62.72 614.00 1141.00

Fig. 3. Images of the series I, Il, 111 (according to Table 3) concrete
for quasi-static and dynamic tests [34]
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The experimentally obtained results the authors have shown in the form of Table 4.

Table 4 — The compressive strength and the tensile strength of tested concrete under quasi-
static loading [34]

h (MP
Concrete Series Strength (MPa)

Compressive Strength Tensile Strength

I 19.73 1.78
11 21.54 2.03
I 23.03 2.32

Analyzing the obtained results authors have admitted that due to the high concrete strength
with the SF replacement in it, some difficulties associated with the distraction of these samples
compared to the low-strength concrete containing 100% of OPC"s were observed. Thus, in their
studies, the samples containing 48.2 kg/m3 (Series I1) and 62.75 kg/m3 (Series 111) of SF show
a greater value of compressive and tensile strength of 21.54 MPa and 2.03 MPa for samples
Series Il and about 23.03 MPa and 2.32 MPa for samples Series 11l accordingly. At the same
time, such a value for 100% OPC concrete doesn't exceed 19.73 and 1.78 MPa accordingly.

Nevertheless, the prevalent majority of researchers emphasize that the percentage of SF in
concrete should be strictly limited to a range of 15 — 25%, otherwise, the excessive SF incor-
poration leads to a dramatic decrease in concrete compressive and tensile strength [35-37].

The authors of [38] investigating of SF replacement in reinforced concrete columns have
also admitted that the total strain of concrete columns goes down dramatically with an increase
in SF replacement level. In their research, the amount of SF replacement was 0% (as OPC),
11%, 13%, 15% and 17%. The samples in the form of a column sized 150%150%700 mm were
prepared according to the 1S 10262:2009. The mechanical tests were carried out after 28 days
of aging. The water/binder (cement) ratio in the concrete mixtures was set at 0.42 and 0.50. The
mixture design details are presented in Table 5.

Table 5 — The details of a concrete mixture [38]

W/C -0.42 W/C - 0.50
Water Cement Fine Coarse Water Cement Fine Coarse
aggregates aggregates aggregates | aggregates
197 469.04 669.04 1106.54 197 394 710.7 1123.92
0.42 1.00 1.42 2.35 0.50 1 1.80 2.85

The series of tests depending on a different content of SF replacement in a concrete at the
water/cement ratio of 0.42 and 0.50 are given in Table 6.

Table 6 — The number of tests depending on a SF replacement percentage [38]

Semple’s N° WIC ratio % of SF
Cul 0
Cu2 11
Cu3 0.42 13
Cu4 15
CU5 17
CuU6 0
Cu7 11
Ccus 0.50 13
CuU9 15
CuU10 17

The results of compressive strength tests for all specimens are given in Table 7 and Fig. 4.
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Table 7 —The results of compressive strength tests of concrete columns incorporated with
different amounts of SF [38]

Comp. Comp.
W/.C Series | SF, % Load, strength, W/.C Series SF, % Load, strength,
ratio kN ) ratio kN )
N/mm N/mm
Cl 0 406.9 18.07 C6 0 418.74 18.61
C2 11 495.20 22.01 C7 11 592.57 26.33
0.42 C3 13 744.26 33.07 0.50 C8 13 799.19 35.52
C4 15 550.48 24.44 C9 15 653.95 29.06
C5 17 452.53 20.11 C10 17 615.95 27.37
Comp.Strength (N/mm2) Comp.Strength (N/mmz2)
35 40
=30 = 35
& os ERN
£ B s
715 z 20
210 | 2 5
© 5
v 0
c ce £3 4 < C6 c7 8 9 C10
columns at various silica fumes®o R 2
columns at various silica fumes %o
a b

Fig. 4. The results of compressive strength tests of concrete columns with the different
percentages of SF replacement for W/C ratio 0.42 (a) and 0.50 (b) [38]

The obtained results have shown that samples with 100% of OPC (without SF incorpora-
tion) series C1 and C6 failed at a lower load level of 406.9 kN and 418.74 kN accordingly.
Thus, they possess a lower level of compressive strength about 18.07 N/mm? for C1 and 18.61
N/mm? for C6 respectively. The external view of column without SF under the compressive
load shown in Fig. 5.

Fig. 5. Failure pattern of a concrete column with a 100% of OPC [38]
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Instead, increasing the SF replacement in a concrete mixture up to 13% leads to a spike of
concrete compressive strength up to 33.07 N/mm2 and 35.52 N/mm2 for C3 and C8 respec-
tively. With the further increasing the SF percentage in concrete up to 17% the authors have
observed a certain decrease in compressive strength to a level of 20.11 N/mm2 and 27.37
N/mm2 for C5 and C10 accordingly.

Thus, the authors have concluded that the concrete mix with 13% silica fumes possesses a
higher compressive strength compared to the other concrete mixes with or without SF.

Metakaolin (MK) is another alternative binder, that found a widespread application in a
partial cement replacement. It is held as a more reactive one compared to the FA or SF that is
made MK more preferable binder material, especially in hostile chlorides marine areas [39].

Unlike GGBFS, FA and SF, metakaolin is produced mainly via the calcination (dehydra-
tion) of kaolin clay at high temperatures ranging from 650 °C up to 800 °C [40]. The reaction
of kaolin clay calcination looks as follows [40]:

Al,0, - 2Si0, - 2H,0 — Al,0, - 2Si0, + H,0, (6)

Because of the endothermic kind of reaction of kaolin clay dehydration, an amorphous
aluminosilicate called metakaolin has been released. Normally MK is a white to light grey col-
ored powder with an average particle size of about 1 — 5 um that is far less than an OPC's
particle size measuring about 10 um [41].

Numerous studies have shown that the use of MK as a supplementary cementitious material
while concrete manufacturing provides better mechanical properties and corrosion behavior im-
proving concrete resistance to aggressive environments, in particular, to the chlorides attack [42].

In work [43], the investigation of the mechanical performance of metakaolin-based con-
crete, the authors have stated, that 10% MK replacement in concrete is the best way of its
strength development compared to the concrete with SF replacement. Such a result is in close
agreement with results, obtained in [39]. In their tests, concrete samples containing 0%, 5%,
10%, 15% and 20% of MK replacement were examined. Detailed information about testing
concrete mixtures is given in Table 8.

Table 8 — Concrete mix proportions used for the experimental investigations [39]

Mix w/b Water (1) Binder (kg) Stone (kg) Sand (kg)
OPC MK

0% MK 0.54 19 35 0 101 59

5% MK 0.54 19 33 1.8 101 58

10% MK 0.57 20.5 32 4 101 60

15% MK 0.58 20.5 30 5 101 58

20% MK 0.61 21.5 28 7 101 67

The concrete samples in the form of cubes measuring 150%150x150 mm and beams of
150%150%500 mm were subjected to mechanical tests to determine their compressive and flex-
ural strength. The investigation was carried out after 7, 28 and 56 days of aging. The results of
mechanical tests have been graphically represented in Fig. 6 and Fig.7.

The experimentally obtained results have shown that MK's incorporated concrete possesses
a higher compressive and flexural strength compared to the ordinary one. The authors have at-
tributed this to a good pozzolanic reaction of MK with Ca(OH)2 resulting in the formation of
calcium silica hydrate (C-S-H) gel. The latter provides an excellent filling effect creating strong
bonds with the cement particles [44]. Increasing in the exposure from 7 up to 56 days resulted in
the rise of mechanical properties of examined samples. This is mainly because sufficient curing
conditions were provided during 28 and 56 days. It should also be noted, that there is a small
difference between values of compressive and flexural strength after 28 and 56 days of aging.
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Fig. 6. Compressive strength of concrete with the different percentages
of MK replacement after 7, 28 and 56 days of aging [39]
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Fig. 7. Flexural strength of concrete with the different percentages
of MK replacement after 7, 28 and 56 days of aging [39]

At the same time, the authors have noted a lower value of concrete compressive strength
with both 5% and 20% MK replacement at an early age of 7 days. The values of compressive
strength of such samples do not exceed 22.49 MPa and 19.69 MPa respectively. Instead, the
authors of [45] have emphasized that nearly 10% of MK replacement, specifically at the early
age of 3 days, is the best mix for a good concrete compressive strength. It is worth mentioning,
that in their experiments the w/b ratio doesn't exceed 0.3. While in [39] the w/b ratio for mixes
with 5% and 20% of MK for 7 days was much higher exceeding reference one with 100% of
OPCs (0.54 and 0.61 for 10% and 20% of MK's versus 0.54 for reference sample). Thus, in
their experiments, the maximum compressive strength was obtained with the mix, containing
5% and 10% of MK replacement.
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The authors have also pointed out the reduction in flexural strength with the increase in
w/b ratio. The minimum value of flexural strength of 5.62 MPa in their experiments was ob-
tained after 7 days for the 20% MK mix with the highest w/b value of 0.61. However, with the
aging of concrete up to 56 days its flexural properties were improved to a level of 7.68 MPa,
similar to the 5% MK mix for the same days of aging.

At the same time, the authors of [25] have come to the following conclusions:

At the same time, the authors of [25] has come to the following conclusions:

1. The MK incorporation into the concrete mixture shows higher compressive strength
compared to the reference one with 100% OPCs at 7 days of aging;

2. The w/b ratio as well as the percentage of MK replacement has a massive impact on
concrete compressive strength;

3. The w/b ratio in the range of 0.32 — 0.5 with the 10 — 30% MK incorporation provides
the concrete compressive strength on a level of 40 — 60 MPa after 7 days of curing;

4. The simultaneous reduction in w/b ratio to 0.3 — 0.36 and MK replacement to 10 — 20
% increases in concrete compressive strength up to 60 — 80 MPa respectively;

5. The higher concrete strength was obtained after 28 days with the 5% to 15% MK re-
placement and a w/b ratio of 0.27 — 0.3;

6. Presumably, the concrete's compressive strength with MK incorporation will further im-
prove with the increase of its curing duration.

Conclusions. In this review, the sustainable approaches of concrete manufacturing prac-
tices based on the application of environmentally oriented binder materials were provided. It
was shown, that the usage of GGBFS, FA, SF or MK incorporation as a partial replacement of
ordinary Portland cement during concrete production, improves its mechanical properties, par-
ticularly, compressive, tensile and flexural strength. However, the long-term industrial applica-
tion of these supplementary cementitious materials has shown the necessity of their strict limi-
tation and the w/b ratio. Based on the mentioned above, it can be concluded that concrete with
50 — 60 % GGBFS replacement is quite effective in terms of its compressive strength enhance-
ment after 28 and 90 days of aging with w/b ratio of 0.28.

In turn, adding 15 — 30% of FA into a concrete mix provides higher values of concrete
mechanical properties, and compressive strength, particularly, about 41.94 — 43.41 MPa for 59
days of curing. Instead, the SF and MK show greater early days strength, compared to conven-
tional concrete filled with 100% OPC.

As an optimal, the mix containing 13% SF replacement with the w/b ratio of 0.42—0.50 as
one providing the highest level of concrete mechanical performances about 33.07-35.52 MPa,
should be highlighted. At the same time, the 10% of MK incorporation with w/b ratio ranging
0.3 — 0.4 increases concrete compressive strength up to 40-50 MPa.
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Byoisnuymeo 3 BUKOPUCAKHAM eKON02IUHO YUCmuX, nepepodbnenux abo biomamepianie — ye wiax 0o SMeHuen s gyeie-
Y6020 Ci0Y, BUCHANCEHHS NPUPOOHUX PECYPCI8, WO MAK BANCIUBO OJIsL HAULO20 00OPOOYMY Ma NOOANbULIO20 PO3BUTNKY THOC-
mea. 3a2anbHo8i0omMo, o 3ani306emon € 0OHUM 3 HAUOINbW NepedadicHux 6ydisenvHux Mamepianig y 6azameox cgepax 3a-
cmocysanns. BooHouac eupobHuymeo 0Oemomy, 30Kpema NOPMIAAHOYEMEHMY, 68AdNCAEMbCA HAUOLIbW 3a0PYOHI0BATLHUM
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npoyecom 3 enuyesnor Kinbkicmio uxudie CO2, wo npuzgooums 00 0esKux eKono2iMHUX npobnem, 8i0oMUxX K 2100anvHe
nomenuinis abo napruxosuil egpexm. Hamipu cmamu 3enenumu ma minimizysamu npoonemu, 32a0aui guwye, nompedyioms
SMIHU HAWUX 36UYHUX MeMO0i8 8UpoOHUYmMEa bemony 8 OiK OilbW OPIEHMOBAHUX HA HABKOTUUIHE cepedosulye, 8i0N08ioHO,
€KONO2TUHO YUCUX.

3ycunna guenux ycovoeo cginy ujooo smeruienus suxudie CO2 ma chosxicusanHa pecypcis nio 4ac eupooHuymea 6emouy
npu3seenu 0o noasu Oio- ma seneHozo bemony. 1oes 6iobemony (a6o 6emony, wo camo8iOHOBTIOEMbCA) CRUPAEMbCA HA KOHY e-
nyiro 6ioMIMIKDIT 6UPOOHUYMEA yeMernty uepe3 adanmayilo nPUpOOHUX eleMeHmIs, Mooelell, WabioHIg I cucmem Oist Gupi-
wienHs1 npobnem ar0ounu. Takum yuHom, 6y10 8CMAHOBNIEHO NOMEHYIAN OMOUYIOU020 MIKpObiomy (MIKpobie i Mikpob6ig) Os
camosionosnents 6emony, 30kpema, 0ns siomeoperns CaCQO3, Konu ROYUHAIOMb HAPOCMAMU MPIUWUHU.

10es 3enenoeo 6emony 306cim inwa i 8 OCHOBHOMY 6A3YEMbCS HA 3AMIHI 36UNALIHO20 NOPMIAHOUMY THUUM 000AMKOBUM
YEeMEeHMYIOUUM MAMepiaiom, MAKUM sIK MEeLEeHUll 2PAHYIbOBAHUIL OOMEHHUL WAK, Jemydd 301a a60 nyyoiaHosuil mamepial,
BI0OMUILL SIK KDEMHE3EeM, d MAKONC MEeMAKAOIH.

La cmammsa micmumb uuepnHull 027140 8NAUSY CIIUKUX, eKOLOSTUHO OPIEHMOBAHUX O)0i6eNbHUX Mamepianié 01 6Upo-
6Huymea 6emony Ha tio2o mexaniuni enracmusocmi. Ilokazano, wo 3acmocy8antss 0OMEeHHO20 WLAKY, 1emyyol 301U, KpemHe-
3emMy abo Memaxaoniny sAK 4acmKo8ol 3amMiHU 36UHAIIHO20 NOPMAAHOYEMEHMY NPU 8USOMOBIEHHI 6EMOHY NOKPAWYE 1020 Me-
XQHIYHI 61ACMUBOCMI, 30KPEMA MIYHICMb HA CIMUCK, PO3MA2 T 32UH.

Kntouosi cnosa: cmitixicmo; 6upobHuymeo 6emony; GioMimMikpis; 6i06emon; camosiOHOGIIOBAIbHUL OEMOH; 3eleHutl OemoH.

Puc.: 7. Tabn.: 8. bion.: 45.
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YACOBI 3B’A3KHN TEXHOJIOTI'TYHUX ITPOLECIB JEPEBOOBPOBHUX
TA MEBJIEBUX TIAIIPUEMCTB

Lepesoobpobre ma mebnese 8upoOOHUYMBO € 8A2OMUM KOMNOHEHMOM eKoHomixu Yxpainu. L]i cany3i ne minoku cnpus-
oMb 3a0e3ne4eHHI0 6HYMPIWHIX nompeb y Mebnax ma eupobax iz Oepegutu, ane U 8idiepaioms 3HAUHY POIb 8 eKCHOPMI.

Veniwne gynkyionysanns depe6oobpobuux ma mednegux nionpuemMcme 6a2amo 8 Yomy 3anexiCumy 8i0 MAKCUMANbHOT
inmencughixayii eupobHuymea. OCKiNbKU OHU € MICHO NO8'I3AHUMU, BAXHCIUBO POIYMIMU YACO8] 368'A3KU, WO Oitomb nio uac
nepebicy mexHoN02IYHUX NPOYeCi6 0I5l eheKMUBHO20 NIAHYEAHHS MA ONMUMI3ayii eupodHu4ux npoyecis. Y yiti cmammi doc-
JOACYIOMbCA OCHOBHI ACNEKMU YACOBUX 36 A3KI6 0epesoobpOoOHUX ma Mebnesux BUPOOHUYMS, aHANIZVIONU iX 63aEMO3anedxc-
HOCMI, UKIUKU ma cmpamezii onmumizayii.

Knrouosi cnosa: uacosi 36 ’azku; mexnonoziuni npoyecu 0epeoobpoOHUX ma Mednesux 6UpOOHUYMS, YacoOBUN AHATI3.

bion.: 7.

AKTYaJIBHICTh TeMU JOCTIZKeHHsI. AKTYaJIbHICTh aHAJTI3y YaCOBHX 3B’ SI3KiB y MEOJICBOMY
BUPOOHHUIITBI MOJIATAE B OararboX KJIFOYOBUX ACTEKTIB, IO Bi10OpaXkatoTh CydacHi TEHACHIIIT Ta
BUMOTY Tay3i. ¥ Cy4acHOMY CBITi, ¢ KOHKYPEHIIisl B MeOJIeBii Tamy3i € Jy’ke BUCOKOIO, ehek-
TUBHICTh BUPOOHUIITBA BiAIrpae KIHOYOBY pojib y 3a0e3MeYeHHI KOHKYPEHTOCTIPOMOKHOCTI MiJI-
NPUEMCTB. AHaJli3 4YaCOBUX 3B S3KIB JIONIOMArae 1IeHTU(IKyBaTH MpodiaemMHi abo Hee(heKTUBHI
TUISHKA BUPOOHUYOTO MPOILIECY Ta IIYKAaTH NUTSIXH iX onTumizamii. OnTuMisailis 4acoBHX 3B’ 513-
KiB J]a€ 3MOTY MIJABUILUTH MPOAYKTUBHICTh BUPOOHUIITBA, CKOPOTUTH Yac, OTPIOHUHN /1JIs1 BUTO-
TOBJIEHHSI MPOAYKIIii, 1 3SMEHILIUTH 3arajbHi BUTPATH HAa BUPOOHUILITBO. Yac € BaXIMBUM pecyp-
COM, 1 3MEHIIIEHHSI YaCOBUX 3aTpar Ha Pi3HUX eTarax BUPOOHHIITBA JJO3BOJISIE EKOHOMUTH KOIITH
Ha OIlJIaTy Ipalli, MaTepiajiu TOIIO.

CyuacHi cioxuBadi Jieaii OuIblIe HIHYIOTh IIBUKICTh TOCTa4aHHA Ta 1HIMB1lyalli3allio
HpPOIYyKIii. AHaJi3 YacOBUX 3B'SI3KIB JI0IOMAarae JIepeBOOOpOOHUM Ta MeOJIEeBUM MiANPUEMCT-
BaM BIJIMIOBIJaTy IUM BUMOTaM, IIJISIXOM MOKpalleHHs! €()eKTUBHOCTI Ta THYYKOCTI BUPOOHU-
YUX MPOLECIB.

AHaJi3 4acoBUX 3B'3KIB TAKOXK CTA€ BaKJIMBUM IPU BIIPOBAKEHHI HOBITHIX TEXHOJIOT1H,
TaKUX K aBTOMATH3allis Ta INTYYHUH iHTeneKT. Lle 103BoJIsie onTuMizyBaTH BUKOPUCTAHHS Ta-
KHMX TEXHOJIOTi! Ta MaKCHMalbHO BUKOPUCTOBYBATH iXHIM MOTEHLIa Y 30UIbIIEHHI TPOAYKTH-
BHOCTI Ta SIKOCTI MPOIYKIIi.

Ortxe, aHaJTI3 4YacOBUX 3B'SI3KIB Y IepeBOOOPOOHOMY Ta MeOJIEBOMY BUPOOHUIITBI € HEOOX1/1-
HHUM JUISl IOCSITHEHHSI €(DeKTUBHOCTI, 3HM)KEHHS BUTPAT, BIIMOBI/I HA BUMOTH PUHKY Ta BIIPOBa-
JHKEHHST HOBITHIX TEXHOJIOT1H. BiH 103BOMIsIE TATIPHEMCTBAM MPUCTOCOBYBATHUCS /10 Oi3HEC-Cepe-
JIOBUIIIA, 110 IIBUJIKO 3MIHIOEThCSA, Ta 3a0€3MeUye iXHI0O KOHKYPEHTOCIPOMOXHICTh Ha PHHKY.

IMocTtanoBka nmpodaemu. OnTUMi3allis YaCOBUX 3B’S3KIB MOKe OyTH 37iiiCHEHA IIISXOM
CTBOpPEHHS 1 BUKOPHCTAaHHS HOPMAaTUBHOI 0a31 4aCOBOTO aHAJIi3y, IO IPYHTYETHCS HA OCHOBHHUX
nonoxenHsx cragnaptis JICTY EN ISO 9001:2018 [2]. OnHak cy4acHa HOpMaTuBHA JOKyMEH-
TaIisl BCTAHOBJIIOE MOPSI0K PO3PAXyHKIB YACOBUX 3B’A3KIB TEXHOJIOTIYHOTO IpoIiecy 0e3 Bpaxy-
BaHHS IXHBOT'O IMOBIPHICHOTO XapaKTepy, 10 YHEMOXKIIUBIIIOE aJICKBaTHICTh Pe3YJIbTaTiB.

© B.T. Kapanna, A. M. €porenko, /[. B. Kaisuenko, 2024
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AHaJni3 ocTaHHIX Aoc/iKeHb i myOaikauii. /[y cydacHIX TEXHOJIOTTYHUX MPOLIECIB Jie-
PEeBOOOPOOHMX Ta MEOJIEBHX BUPOOHUIITB XapaKTEPHI CKIAIHICTh 1 HOBU3HA 00’ €KTIB HOBOI Te-
XHIKM ¥ TIOB’s13aHE 3 UM 301IbIICHHS 00CSTIB POOIT IMPU BUTOTOBJICHHI BUPOOIB 1 Yacy iX BH-
KOHAHHS, YJAOCKOHAJICHHS TEXHIYHHMX IapaMeTpiB BUPOOIB; MiABHINEHHS BUMOI IO SKOCTI
BUPOOIB; MIBUIKE MOpaJIbHE CTAapiHHA 00’ €KTiB BUpoOHUITBA [1].

HeoOxigHicTh po3mupeHHs MacTabiB BAPOOHHUIITBA, YCKIIATHEHHS PIBHS MPOBEICHMX 3a-
XOJI1B, KOOPJAMHAIIIS AISUTbHOCT] BETMKUX KOJIEKTHUBIB JIFO/ICH 1CTOTHO YCKIAIHUIN (PYHKINT yII-
paBIiHHS TEXHOJOTTUHUMHU TporiecaMu. CtaiicTs i nepeadadyBaHiCTh CHCTEMHU YaCOBUX 3B 513~
KIB JIO3BOJISIE 3HAYHO CIIPOCTUTH TAKE YIPaBIIiHHS.

Ha nibomy erarti po3BUTKY BUpOOHHIITBA B YKpaiHi JOBOJUTHCS YXBAIIOBATH PIllICHHS, K1
YacTO MOB’s3aH1 3 BEIMKUMHU MaTepiaJIbHUMHU BUTpAaTaMH. YXBaJICHI PIIICHHS 3aBX/IU CIIPSMO-
BaHi Ha JIOCSATHEHHS NIESKUX LIJIeH 1 peani3yloThCsl B MeXaxX JEAKOi CUCTEMU OOMEKEHb, 110
3yMOBJIEHI KOHKPETHUMH 0OCTaBUHAMU MPOBEICHHS 3aX0.y.

31e611b1I0T0 Ti caMi Il MOXKYTh OyTH JTOCSATHYTI PI3HOMaHITHUM YHHOM, 13 PI3HOMAaHIT-
HUMH BHTpaTaMH 4acy Ta MaTepiallbHuX pecypciB. Bubparu HaiiOinpiie eKOHOMIYHUH 1 01T~
JbHUNA TEXHOJIOTTYHUM IpoIleC, YXBAJIUTH OOIPYHTOBAHE, ONTUMAJIbHE PIlIEHHS — JaJeKO He
IPOCTE 3aBJIaHHA 1 JUI CBOTO pillleHHs NOTpelye 3aCTOCYBaHHS Cy4aCHUX HAYKOBHX METOJIB.
Po3B’s13aHHS Takoi 3a/1a4i HEMOXJITHBO 0€3 ONTHMI3allil CHCTEeMH YacOBUX 3B’SI3KiB, SIKi Y BUPO-
OHMYOMY TIPOIIECi MPOSBISIOTHCS Y TPHOX cepax:

1. IIporHo3yBaHHs PO3BUTKY BUPOOHMIITBA.

2. [InanyBaHHS TEXHOJIOTIYHOTO 1 BUPOOHUYOTO MPOIICCIB.

3. HopMyBaHHS TEXHOJIOTTYHOTO IPOLIECY.

i chepu BinOMBaIOTH Pi3HOMAaHITHI piBHI BUPOOHUIITBA i MAIOTh I€EpAPXIYHY CTPYKTYPY.

IIporuo3yBaHHsl pO3BUTKY BUPOOHMLITBA € PE3YJBTATOM AOCITIJKEHHS PUHKY, OCHOBHUX
TEHICHIIIH, IO JAIF0Th Y CYCHIBCTBI i TeXHiri. TakuM YMHOM, TPOTHO3YBaHHS BiOUBAE TIEPC-
NEKTUBH PO3BUTKY IIIPUEMCTBA i BU3HAYAE SIKICTH 1 KIJIBKICTh HOBUX PO3POOOK, € IOBIOCTPO-
KOBHM IJIAHYBaHHSIM.

[Toroune i onepaTnBHO-KaJICHIapHE TUTAHYBAHHS BU3HAYAIOThH €TAId PO3B’A3aHHSA 3314,
II0 MTOCTABJIeHI JJOBFOCTPOKOBHUM IIAHYBAaHHSM, 1 pETJIAMEHTYIOTh TTOBOJKEHHSI ITiITIPUEMCTBA
Ta Oro migpo3/iJIiB Ha eTarni BUpOOHUIITBA KOHKPETHUX BHUPOOIB.

[Tporuo3yBaHHS i TUTaHYBaHHS HampaBlieHi B MaiiOyTHE. SIKIIO MPOTHO3YBaHHS BU3HAYAE,
10 pe3yibTaTu, MalyTh, OyIyTh TOCSATHYTI, TO TUIAHYBAaHHS BCTAHOBITIOE, SIK1 PIIICHHSI TOBUHHI
OyTH yXBaJieHl1, 1100 TOCATTH B HAHOMMKYIN epCHEeKTHBI HEOOX1AHUX Pe3yIIbTaTiB.

HopmyBaHHS X, y CBOIO Yepry, € MiJICHCTEMOIO TUIaHYBaHHS 1 BU3Hauae poOOTy KOHKpPET-
HOTO BUKOHABIIS B KOXKHOMY TEXHOJIOTTUHOMY Tiporiect [3].

Buaisienns Henoc/IisKeHUX YaCTHH 3arajbHOI mpodJemu. Jl1s 3a06e3MmeueHHs] MaKCH-
MaJIbHOTO e(eKTy BiJl ONTHMI3allil YaCOBHX 3B’ A3KiB HEOOX1IHO ONTUMI3yBaTH BCl iX MPOSBU
y BUPOOHUITB1, TOOTO HOBUI METO/IOJIOTTYHHM arapaTr MOBUHHUNA MaTH MOXJIMBICTh BUKOPH-
CTaHHS Ha BCIX PIBHSIX CHUCTEMH YacOBUX 3B’s3KiB. Takui miaxia J03BOJUTH 3a0€3MEYUTH
KOMIUIEKCHICTh ONTHUMI3allii Ta 30eperTu B3aeMo3B’ 130K YCiX MPOSIBIB YaCOBUX 3B’ SI3KiB Yy BH-
POOHHUIITBI.

[Nepmn HiXK pO3MOYMHATH CTBOPEHHS TaKOi METOJMKH, HEOOXiTHO BUBYMTH METOIH, IO BIKE
3HAUIIN CBOE 3aCTOCYBAHHA B CHCTEMaxX pO3PaxyHKY YaCOBHX 3B’SI3KiB, 3 METOIO 1X aHaJi3y i
MOXJIMBOTO BUKOPUCTAHHS B HOBIM MeTOAMUIIl. [ OTOBHUM YMHOM, HEOOX1THO TOCIIAUTH SIK ic-
HYI04l METOIM BPAaXOBYIOTh IMOBIPHICHUI XapaKTep YaCOBUX 3B S3KIB.

VY 3B’A3KY 3 TUM, II0 METOIO JUCEpTaliiHOl poOOTH € ONTUMI3allis TEXHOJIOTTYHOTO MPO-
11eCy, OCHOBHA yBara Oyjie 3BepHeHa Ha METO/IM PO3paxyHKY YaCOBHX 3B’ S3KiB IIPU OTIEPaTUBHO-
KaJICHJApHOMY TUTaHYBaHHI Ta HOpMYBaHHI 4acy. [lJis1 MepCcreKTHBHOTO Ta MOTOYHOTO TUIAHY-
BaHHsI Oyze 3poOJieHHI 3arajbHUN OIS, 3 METOI0 O3HAHOMJICHHS 3 TIIXOJaMHU JI0 YaCOBHUX
3B’3KiB Ha B1JINOBITHOMY PiBHI BUPOOHHYOTO MPOLIECY.

32



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 2(36), 2024
TECHNICAL SCIENCES AND TECHNOLOGIES

MerTo1o cTarTi € 0O0TPYHTYBaHHS iJBUIIEHHS THYYKOCTI Ta CTA0LIBHOCTI TEXHOJIOTIYHUX
IPOIIECiB IepeBOOOPOOHHX Ta MeOJIEBUX BUPOOHUIITB IUISIXOM BIPOBA/IKCHHS PO3PaxXyHKIB 3a
METOJIMKOIO ONTUMI3aIlil YaCOBUX 3B’SI3KIB TEXHOJOTIYHUX MPOIIECIB.

BukJjaa ocHoBHOro marepiany. Ycrimne QyHKIIIOHYBaHHS 1epeBOOOpOOHHX Ta mMelie-
BHUX MIAMPUEMCTB 0araro B YoMy 3aJICKHTh BiJl MaKCUMaJIbHOI iHTeHCH(DiKaIlii BUpOOHHUIITBA.
Y BUpOOHHUYOMY IPOIIEC AIFOTh IT’ATh BUJIB 3B’ SI3KiB: pO3MipHi, YacOBi, iH(pOopMalliiiHi, EKOHO-
MIYHI Ta 3B’SI3KW BJIACTUBOCTEH MarepiaiiB [1]. IHTEeHCHBHUI pPO3BUTOK BUPOOHMIITBA MOTPE-
Oye onTuMi3alii TEeXHOJOTIYHUX 1 BUPOOHUYOTO MPOIIECIB, €TanaMu SIKOI € ONTUMI3aIlisl BCiX
3B’SI3KiB BUPOOHUIITBA.

OnTuMizaris 4acOBHX 3B’s3KiB MOXKe OyTH 371iiCHEHA IIJISIXOM CTBOPEHHSI 1 BAKOPUCTAHHS
HOPMAaTHBHOI 0a3M YacOBOTO aHaNi3y, 10 IPYHTYEThCS HA OCHOBHUX IMOJIOKEHHSIX CTaHIapTiB
JACTY ENISO 9001:2018 [2]. Oqnak cyyacHa HOpMaTHBHA JOKYMEHTAIlisi BCTAHOBIIIOE TTOPSI-
JIOK PO3paxyHKiB YaCOBHX 3B’sI3KiB TEXHOJIOT1YHOTO Ipoliecy 6e3 ypaxyBaHHS iX iIMOBIpHICHOTO
XapakTepy, MO YHEMOXIIUBIIOE aJICKBaTHICTh PE3YJIBTATIB.

Yac i npocTip € ocHoBHUME (hopMamu icHyBaHHs Mmarepii. [Ipuponosnascto XVIII-XIX
CTOJIITh, MIPUIMAIOUN 00 €KTUBHICTH Yacy i MPOCTOPY, pO3MISAAANO iX y BiIpHUBI OJHE BiJ OJI-
Horo. L{i 1Ba MOHATTS mpuiiMaIuCcs SK UI0Ch CAMOCTIHHE ¥ iICHYIOYE IIIJIKOM HE3aJIeKHO Bij
Marepii Ta pyxy, ajie CydyacHa HayKa BBa)Kae IO Marepilo, pyx, 4ac i mpoctip Tpeda BUBYATH
KOMILJIeKCHO. Yac He icHye cam 1o co0i, y BiApUBI BiJ Marepii, a 3HaXOIUTHCS B TAKOMY YHi-
BEpCaJbHOMY B3a€MO3B’SI3KY, B SIKOMY BOHO BTpada€ CaMOCTIHHICTh 1 BHCTYIAE SIK CTOPOHA
€IMHOTO PI3HOMAHITHOTO 1110r0. {10 CBiTOMISIIHY MO/ MOKHA 1 Tpeba 3acTOCyBaTH JI0 BH-
POOHMIITBA, IO € BIIOMTKOM MaTepiajJbHOTO CBITY B IKOMY JIIOTh HOTO 3aKOHH [2].

IcnyBaHHs Ta B3aeMoisi I1’ATH BUIB 3B’ 13KiB BUPOOHUYOTO MPOIIECY 3YMOBIIOIOTH HOT0O
IITICHICTD K cucTeMu. J{is 30epiranHs €IHOCTI CHCTEMH, ITPU ONTHMI3allii TEXHOJIOTIYHOTO
1 BUpOOHUYOTO MPOIIECIB MOBUHEH 3[IMCHIOBATUCS KOMIUICKCHUM ITi/IX1/1 HA HOPMATHBHIMA OC-
HOB1. CTBOPEHHS KOMILIEKCHOT MOJIeJI1 BUPOOHHIITBA HEMOXJINBE 0€3 IMOO0KOTO aHai3y BCIX
3B’s3kiB. ETan nexkommosuiii cucteMu 3B°s3KiB BUPOOHMYOIO IMpolecy MPOXOJUB Mapale-
JBHO 3 PO3pPOOKOI0 aHaII31B OKpEMHX BHUIIB 3B’ 513K1B. P03p00eHo mHupoKy HOpMAaTUBHY 06a3y
JUIsL pO3MIPHOTO aHami3y i aHami3y BIacTHBocTel MatepiaiiB [4; 5]. OcTaHHIM YacoOM aKTH-
BHO BHBYAIOThCSA Ta MOJEIIOIOTHCS 1H(OpMAaIlliiiHI i eKOHOMIYHI 3B’SI3KU. AHali3 1HpOpMa-
LIHHUX 3B’S3KiB CTaB Ha HOBUH PiBEHb 3 PO3BUTKOM iH(POpMALIHUX TEXHOJIOTIH, a mepexis
€KOHOMIKHU JI0 PUHKOBHUX BIJIHOCHH IPU3BIB O CTBOPEHHS HOBOI'O €KOHOMIYHOIO aHaJi3y.
[{um xe 3yMOBII€Ha HEOOX1JHICTh CTBOPEHHSI HOPMAaTUBHOTO 3a0€3MeUeHHsI IPUHIMIIOBO HO-
BOT'O aHAJI3y YaCOBUX 3B’SI3KIiB.

YacoBuii aHasi3 Mae yHiBepCalbHUI XapakTep, TOOTO 3a JOMOMOTIO0 HOro MeTo10J0riu-
HOTO 1 MaTEMaTUYHOTI'0 arapariB MO>KHA [TPOBOJIUTHU ONTHMI3AIliI0 HE TIJIBKA CUCTEMH YaCOBHUX
3B’A3KIB TEXHOJIOTTYHOTO MPOLECY, ajle HOPMYBATH Ta IUIaHYBAaTH BUPOOHUYUII MpoLEeC B 1i-
nomy [6; 7]. Taka moOynoBa 4acOBOTO aHaJIi3y JO3BOJISIE BAKOPHUCTOBYBATH OTO HE TIJTBKH IS
JEpeBOOOPOOHUX Ta MEOIEBUX TEXHOJIOTIYHHUX MPOIECIB, aje i BUKOHATH MOTO aJamTallito J10
IHIUX Tally3eld MPOMHCIOBOCTI. e acrekT mae MOXKIUBICTH yHI(IKYBAaTH Ta CTaHIAPTH3Y-
BaTU IPOMHUCIIOBE BUPOOHHIITBO B Yaci.

YacoBuit aHami3 y CyKyInHOCTI 3 aHaJli3aMH 1HIIKX 3B’ 3K1B BUPOOHUYOTO MIPOLIECY AA€ MO-
MJIMBICTh CTBOPEHHS €IMHOTO KOMIUIEKCHOTO aHai3y, Ha OCHOBI SIKOTO MOXHA MOJIETTIOBATH i
ONTHUMI3yBaTH BUPOOHUIITBO.

CroxacTHUHHMI XapakTep nepediry TeXHOJIOTTYHOTO MPOLECy CTa€ OCHOBHOIO MepeyMo-
BOIO IIPH CTBOPEHH1 HOPMATHBHOI 0a3u aHali3y 4acOBUX 3B’sA3KiB. IMOBIpHICHUI pO3paxyHOK
JI03BOJISIE TUPEKTUBHO PETNIAMEHTYBATH YaCOB1 3B’S3KH TEXHOJOTTYHHUX IMPOLECIB, 110 POOUTH
BUPOOHUYMI TTpo1ec OUTBIT CTAaOUIBHUM 1 MPU3BOAMTD J0 3MEHIIEHHS Yacy MPOCTOI0 yCTATKY-
BaHHs Ta MPOJEKyBaHHsA AeTaneil. OnTUMi3allisl 4acoBUX 3B’S3KIB HE YCyBae€ OpraHizawiifHi
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3pUBH TE€XHOJIOTIYHOTO IPOLIECY, aJle 103BOJISE IPOCTEKUTH iX IPUUMHU Ta BPAaXyBaTH PU3UKU
ix mosiBu. OUIHUBIIN MOXKJIMBICTh MPOSBY PI3HOMaHITHHUX 3001B y X0/ POIeCy i BU3HAYUBIIN
CTYIiHb iXHBOT'O BIUIMBY Ha KOJIMBAHHS 4acy BUKOHAHHS pOOIT, YaCOBUI aHaJIl3 1a€ 3MOTY IIPU-
3HAYUTH JOMYCKU HA HOPMHU yacy. TakuM 4MHOM, 3’ SBIISIETHCS MOXKIIUBICTD 3MMIAJUTH yC1 “He-
piBHOCTI” mepediry BUpOOHHYOTO MPOIIecy 1 3pOOUTH TUIAaHYBaHHS Ta HOPMYBaHHsI O1JTbII THY-
YKUM 1 aJIeKBaTHUM. Takui MiIXiJ J0 4aCOBHX 3B’SI3KIB IMPHUPIBHIOE 1X JIO MaTepiadbHUX
pecypciB BUpOOHUIITBA Ta pOOUTH 1X 00’ €KTOM IUTaHYBaHHSI.

OCHOBOIO METOIMKU aHaNi3y YacOBHMX 3B’SI3KiB MOBHMHHA CTAaTW HOpMarUBHA 0a3a po3mip-
HOTO aHaJIi3y, OCKIJIbKA BOHHU MOIOHI 10 po3MIpHHUX. TakuM YMHOM, CTa€ MMUTAHHS MOYKJIMBOCTI
ajianTarii MaTeMaTHYHOro anapary po3MipHOTO aHali3y Ul BAKOPUCTAHHS HOTO B pO3paxyHKax
4aCOBHX 3B’s3KiB. HallO1IbII1 a/lekBaTHUM, Ha HaITy JYMKY, € 3aCTOCYBaHHs IMOBIPHICHOTO CIIO-
co0y po3paxyHKy, SIKAil HAMTOYHIIIE BiAMOBIa€ YAaCOBIM ONTUMI3allii TEXHOJIOTIYHOTO MPOIIECY.

B ymoBax mi1aHoBOi €KOHOMIKH Yac PO3MIISLAABCs TOJIOBHUM YMHOM 3 HOIVISY OpraHizarii
BUPOOHHUIITBA. JleTepMiHOBaHUH MiIX1/1 1O CHCTEMH YaCOBHX 3B’SI3KiB BiIOMBAB HASIBHUN CTaH
€KOHOMIKH, sIKa po3misaaiacs sk cTaOUIbHUHN 1 JIETKO IIaHOBaHUM 00’ exT. He BpaxoByBasnocs
T€, [0 BUPOOHUYHIA MPOIIEC € BIAOMTKOM MaTepiadbHOTO CBITY i HOTO CKJIaJOBOIO YaCTHHOIO 1
TOMY HOr0 IPOTIKAHHS Ma€ CTOXaCTUYHMUN XapakTep.

106 mignopsaKyBaTy iMOBIpHICHUI BUPOOHUYHI ITPOIIEC TUTAHOBIH €KOHOMIIII YKPYITHIO-
BAJIMCS HOPMU Yacy Ta CTBOPIOBAJIMCS 3a/IUIH, SIK MaTepiajbHi, Tak 1 yacosi. Lle mpu3Boauso 1o
3011bIIEHH TEPMiHIB BUPOOHHUIITBA 1 HAlYACTIIIE HOBA MPOAYKIIiS TOXOIMIIA IO CTIOKMBAYa BKE
MOpaJIBHO 3aCTapiIoko.

Y PUHKOBHX YMOBaX 4ac pO3IISIIAETHCS HE IPOCTO K IHCTPYMEHT OpraHi3amii BUpoOHHII-
TBA, a sIK EKOHOMI4Ha Kareropis. EkoHOMiKa B mepiiry 4epry norpedye came 4acoBOi ONTHMi3a-
1ii. TepMiH BUTOTOBJIEHHS TPOMYKIIiT CTa€ MO 3 11 AKICTIO, HE TUIBKH TOMY, 1110 BOHH CITIJIBHO
BU3HAUYAIOTh BapTICTh BUPOOY. SIKIIO AKICTh MPOAYKIIT BU3HAYAE HIIly TOBApPY B CIIOKUBUOMY
PHUHKY, TO Yac HOro BUPOOHUIITBA BU3HAYAE, UM BCTUTHE TOBAP 3AMHSITH I[f0 HIIITy YH Hi.

OnrtuMizaris 4acoBHX 3B’S3KIB MPU3BOJUTH JJO CKOPOUEHHS Yacy MpOJIeKyBaHHs AeTanien
1 IPOCTOIO YCTaTKyBaHHs, 3MEHIIy€ MarepiaibHi Ta YacOBI 3a/1LIH, 1110 J1a€ MOXKJIUBICTD 301J1b-
IIMTHU WIBUAKICTb 00iry OHJIIB 1 TUM caMUM Oyzie CIpusie BUPIILIEHHIO OJHI€T 3 OCHOBHMX ITPO-
0J1eM Cy4acHOTO BITYU3HSIHOTO BUPOOHUITBA — IIpoOIeMy 00iroBUX (OH/IIB.

[TapameTpuyHa onTHMI3alis TEXHOJOTIYHOIO TMPOLECY, NMPH SKIH HOPMYIOTbCS YacoBi
3B’SI3KH, IpUIIMae 0cOOIMBE 3HAYEHHS NPU aBTOMaTu3allii BUpoOHUIITBAa. OCHOBOIO Cy4acHOTO
BUpoOHHUIITBA cTatoTh [ BC. 'Hy4Ki KOMIJIEKCH KOIITOBHI, TOMY TiJIbKM MakCHMaJIbHE iX 3aBa-
HT)KEHHSI I03BOJISIE OTPUMATH HEOOXiqHY Binmady. Take 3aBaHTaXEHHS yCTaTKyBaHHS MOXKHA
OJIep>KaTH JIMILE TPH JKOPCTKIM periaMeHTalii pyxy npeIMeTiB Mparli B 9aci.

B aBroMaru3oBaHOMY BUPOOHHIITBI, SIK HE /1€ OUIbII, BUABISETHCS OpraHizalliiiHa CTOpoHa
4acoBMX 3B’S3KiB. Bix TakTy aBTOMaTW4HOI JiHii A0 Yacy jgiMiTyrouoi onepauii ['BC, koxHa
HOpMa Jacy MOBMHHA OyTH mepepaxoBaHa i 00poOieHa, TOMy IO 3 ONVISITY Ha CEpIHHICTh BH-
POOHMIITBA BOHA MPU3BOAMTH J0 301JIBIIEHHS TEPMiHIB BUITYCKY MPOAYKLIi Ta ii coGiBapTOCTI.

Tomy cTBOpEeHHSI HOPMaTHBHOTO 3a0€3IIEUCHHS, SIKE PETTIAMEHTYE YacOBi 3B S3KH, € aKTya-
JBHOIO 3aJja4er0 CTaHaapTH3alii Ta cepTudikaii i sBisge coboro Oe33anepeuHnii HayKOBHA Ta
MPaKTUYHUH 1HTEpec.

Ha ocHOBI BHILEBUKJIaI€HOTO, BUIUIMBAIOTh HACTYIHI 3ajadi, sIKi MOTPIOHO PO3B’A3aTH
IIPY CTBOPEHHI HOPMATUBHOI OAa3U YaCOBOTO aHAII3Y:

1. TocniguTi MOXKIIMBICTh 3aCTOCYBAaHHS HOPMAaTUBHOI 0a31 pO3MIPHOTO aHaJi3y JUIsl po-
3paxyHKY YacOBHX 3B’S3KIB TEXHOJOTTYHOTO MPOLIECY;

2. Po3pobuTi MeTo/ 4acOBOT0 aHaNli3y IIISXOM aJanTyBaHHS 3ac00iB pO3paxyHKy po3Mi-
PHUX JIAHIIOT1B 10 ONTUMI3aIlil YaCOBHX JIAHITIOTIB;
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3. JlocniauTy CTaTUCTUYHI XapaKTEPUCTHKH JJAHOK YaCOBHX JIAHITIOTIB, 3 METOIO BCTaHOB-
JICHHS HOPMaTHBHHX IMOKA3HUKIB METOIUKH;

4. Po3poOuTH METOIMKY PO3PaxyHKY YaCOBHUX JIAHIIIOTIB /ISl PI3HUX BHIIB TO€IHAHHS OTIe-
parliii TeXHOJIOTIYHOTO MPOIIECY;

5. Ha ocHOBi OTpUMaHUX aHANITUYHHUX 3aJIC)KHOCTEH 1 CTATUCTUYHUX JaHUX BU3HAUYUTHU
NPUHIUITE CTBOPEHHSI HOPMATUBHOI JTOKYMEHTAIli, SIKa PEerJIaMEHTY€E TOPSIOK MPH3HAYCHHS
JIOITyCKiB HA HOPMH Yacy

6. Po3poOutu anropurMmiune Ta MaTeMaTuyHe 3a0e3MeueHHsI HOPMAaTUBHOI JOKYMEHTAIII] 1
JIOBECTH HOTO JI0 PIBHS BUKOPUCTAHHS Y BUPOOHUYIN TTPAKTHIII.

B sikocTi TEOpEeTHYHOT | METOIOIOTIYHOT OCHOBH PO3B’sI3aHHS ITOCTABJICHUX 3a/1a4 [IOBUHHI
BUKOPHCTOBYBATHUCS (pyHIaMEHTaIbHI MOJOKEHHS cTaHAapTu3alii, ceprudikarii, Teopii pos-
MIpHOTO aHalli3y, Teopis pO3KJIa/iB, TEOPis CUCTEM CITKOBOTO IUIAaHYBAaHHS 1 YIPaBIiHHSA, PO-
00TH BITYU3HSIHUX 1 3aKOPJOHHUX YUEHUX 13 MPOOJIeM ONTHUMI3aIlil YaCOBUX 3B’ A3KiB TEXHOJIO-
TIYHOTO TPOIIECY.

BucHoBku. Ha ocHOBI aHaImi3y iCHYIOUHX METOIHK ONTUMI3allil YaCOBHX 3B'SI3KiB BUPOO-
HUYHX 1 TEXHOJOTIYHHX IPOLIECIB AEPEBOOOPOOHUX Ta MeOIeBUX BUPOOHHUITB Oyna chopmy-
JbOBaHA METa POOOTH — OOIPYHTYBaHHS IMiJBUIICHHS THYYKOCTI Ta CTaOUTBHOCTI TEXHOJOT1-
YHOTO MPOIECY LUIAXOM BIPOBADKCHHS PO3PAXyHKIB 32 METOIOM ONTHMi3alii 4acoBHX
3B'I3KIB TEXHOJOTIYHUX MpOIeciB. JIOCATHYTH MOCTABICHOT METH MOXKHA IIIISXOM JOCIIi-
JOKEHHSI MOJKJTMBOCTI 3aCTOCYBAHHS METOJLy PO3MIPHOTO aHAIIi3y JUIsl ONITUMI3aIlil CHCTEMH Ya-
COBHX 3B'SI3KiB TEXHOJIOTIYHOTO MPOIIECY; CTBOPEHHS METOAY YaCOBOTO aHAIII3y IUISIXOM ajar-
TyBaHHSI 3ac00iB PO3paxyHKIB PO3MIpHHX JIAHIIOTIB /IO ONTHUMI3allil 4acOBUX JIAHIOTIB;
JOCIIDKCHHSI CTATUCTUYHUX XapaKTEPUCTHK JIAHOK YACOBHUX JIAHI[IOTIB; CTBOPEHHS METOIUKHU
PO3paxyHKy YaCOBHX JIAHITIOTIB JIJISl PI3HUX BUJIIB IMOE€THAHHS ONEPAIliii TEXHOJIIOTIYHOTO MPO-
1eCy; MPECTaBICHHS YaCOBOTO aHANI3Y Y BUIVISAL €IMHOTO KOMILIEKCY, TPU3HAYEHOTO /IS OTI-
TUMIi3allii TEXHOJOTTYHUX Mpo1IeciB, skui € migcucremoro CAIIP TTI.
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BIIVIMB TUCKY PIIMHU HA TEXHOJIOI'TYHY IIVIACTUYHICTb
METAJLY IIPH HPAMOMY I'TITPOMEXAHIYHOMY
BUJABJIIOBAHHI OCECUMETPUYHUX BUPOBIB

Y pobomi npeocmasneno pesynomamu nposedenHs HucenbHUX eKCnepUMeRmis 3 MOOeN08arHs NPOYecy X0100H020 2i0-
POMEXAnIuHO020 BUOABNIOBAHNA MEMOOOM CKIHYEHUX elleMeHmi8 3a 00NOM0o2010 npozpamnozo komniexcy Deform, 3 memoio
BU3HAYUEHHS GNIIUEY OCHOBHUX NAPAMEMPI8 8UOABNIOBAHHA (MUCK pIOuUNU, cCMYNiHb Oedpopmayii, epanuyni yMosu) Ha Hanpy-
arceno-oepopmosanuii cman (H/[C) 3a20moexu, 3ycunisi 2iopomMexaniuHo20 8Uu0asIio8aHHs Ma CIMyniHb 6UKOPUCHAHHS Pecy-
pcy naacmuynocmi. Busnaueno onmumansue 3nauenns napamempis npoyecy 3 no2asoy sabesnevents MaKCuMaibHoi enuduty
MexXHOI02IYHOT naacmudHocmi demaneil npu 2iOPOMeXaHiYHOMY UOABTIOBAHHI.

Knrouogi cnosa: ciopomexaniune 6udasniosans; MOOEIOBANHS, MEMOO CKIHUEHHUX eleMeHmMis; HaANPYIceH0-0eopmo-
8aHULl CMAaH; KpUmepil pyiiHy8anHs; KoeiyicHm UKOPUCMAHHS, CMYNIHb Oedhopmayii; 3ycuis.

Puc.: 13. Bi6n.: 15.

AKTyaJIbHICTH TeMHM JocailkeHHsA. OTHUM 13 TIEPETOBUX METO/IIB YIOCKOHAJICHHS 1CHY-
10401 TEXHOJIOTH 0OpoOKM MeTalliB TUCKOM y XOJOAHOMY CTaHi € 3aCTOCYBaHHs XOJOJHOTO
IUTACTUYHOTO TiJiponpecyBanHs MeTaniB. [1ix yac nporo npouecy, SKUif IpOBOAUTHCS NPU BU-
cokomy (1-2 I'TIa) rigpocTaTH4HOMY THUCKY, HAKJIaJJ€HOMY Ha OCEpeIoK IUIaCTHYHOI Jedopma-
11 3arOTOBKH, IHCTPYMEHTaJbHI CTall MiIAAI0ThCS 3HAaYHUM pa3oBUM JedopmallisiM, sKi ede-
KTUBHO BIUIMBAIOTh HA IXHIO CTPYKTYPY Ta (i3UKO-MEXaHIUH1 XapaKTePUCTHKH.

i nedopmarii, y moeHaHHI 3 TEPMOMEXAHIUHOK 00POOKOIO, BITKPUBAIOTH HOB1 MOXJIN-
BOCT1 JIJIsl MIABUILEHHS CTIMKOCTI pi3ajibHUX 1 IITaMIyBaJIbHUX 1HCTpyMeHTiB. Hampukiian,
¢bpesu, cBepaia, MITYMKH, ITyaHCOHU Ta PO3TOPTKH, BUTOTOBJIEHI METOOM XOJIOJHOTO TiApO-
MEXaHIYHOTO BUJABJIIOBaHHS, JEMOHCTPYIOTh CTIHKICTh y 4 pa3u BHILE, HI)K 1HCTPYMEHTH,
CTBOPEHI 3a TPAJUIIIIHOIO TEXHOJIOTI€I0. 3aCTOCYBaHHS XOJIOHOTO T1APOMEXaHIYHOTO BH/IAB-
JIFOBaHHS TaKOXK JJO3BOJISIE 3SMEHIIIMTH BUTPATH HA IIBUJIKOPi3aJIbHI CTAJIl Ta 3HAYHO MiABULIUTH
NPOAYKTHBHICTH mpari [ 1-5].

et mporec Takox 103BOJISIE 3MEHIIUTH 3yCHILISI, HEOOXiTHE JIIsI BUKOHAHHS MPOIIECy XO-
JIOTHOTO BUJIABIIFOBaHHS, OCKIJIbKH 3MEHIITY€ThCS 1101112 KOHTAKTY IHCTPYMEHTY 1 3ar0TOBKH [6].

Ha croronni € po6otu [7-11], y skux aBTOpH JOCHTIHKYIOTH BIUIMB TPOLECY TiApOMeXaHi-
YHOTO BUJABIIIOBaHHS Ha MIKPOCTPYKTYpY Marepiany. BuzHnauaioTbcs onTHMaibHI BETUYUMHU
CTYTEHIB TUIACTUYHO1 1eopMaIltii 3aroTOBKH JjIsl OTPUMaHHs HEOOX1THOT MIKPOCTPYKTYPH Ma-
tepiany. [Ipu iboMy 1ocUTH Malio iHpOpMallii Mpo Te, IK BETUYUHA TUCKY PIAMHU BIUIMBAE Ha
MIPOTIKAHHS I[LOTO MPOIIECY.
© C. @. Cabou, O. B. Xonssik, FO. I1. Bopogii, IT. }O. IIpouenko, B. B. ITlimanos, I'. P. Kommnanierp, 2024
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IlocTanoBka npo6/eMu. Bu3zHaueHHs! ONTUMAIBHUX MMApAMETPIB TAPOMEXAHIUHOTO BU-
JIABIIIOBAHHS — TUCKY P1IMHHM, 3yCHILIS MPOIIECY, CTYMEeHs nedopmariii HeoOXimHe a1 po3pooKa
e(eKTUBHOI TEXHOJIOT1] BUTOTOBJICHHS Pi3aJIbHUX 1 ITaMIyBaJbHHUX IHCTPYMEHTIB Ha 0a3i BKa-
3aHOTO MPOIIECY.

AHaJIi3 ocTaHHIX J0caizKeHb i myOJikaiii. [Ipsve rigpomexaHiuHe BUIaBIIOBaHHS Me-
TaJiB Bke Maixke 100 pokiB BUKOPHUCTOBYETHCS JUIsl OTPUMAHHS PI3HUX METaJIeBUX BUPOOIB,
0COOJIMBO THX, Y SIKUX HEOOX1IHO OTPUMATH MIKPO3EPHUCTY MIKPOCTPYKTYPY ISl TOCSTHEHHS
BHCOKOI MIITHOCTi BUPOOy [7].

[Tpu rigpomexaHiYHOMY BHIABIIOBAHHI 32 PaXyHOK HAJBHCOKOTO BCEOIYHOTO THCKY BiJl-
OyBaeThCs 3aMHUKaHHS MIKPOAE(PEKTIB CTPYKTYPH €KCTPYAOBAHOTO MaTepiaiy 1 HOoro riacTuy-
HICTh PI3KO MiJBUIIYETHCA. 32 PaXyHOK IBOTO 3'SBISIETHCS MOXJIMBICTh OTPUMYBATH Mpodisi
CKJIaHOT (OPMU 3 MAIOIIACTUYHUX Ta KPUXKUX MaTepialliB, Ki HE MOXKHA OyJI0 0OpoOIIsITH
BUJIABIIIOBAaHHSIM KOPCTKUM ITyaHcoHOM. Kpim Toro, 3a paxyHok naedopmariiii B yMOBax BHCO-
KOTO BCEOIYHOTO THCKY MOKPAITLY€ETHCS CTPYKTYpa METAJIIB 1 CIUIABIB, 10 00pOOISIOTHCS [2].

3MiHH MIKPOCTPYKTYpH 00pOOIEHOr0 Marepiary Ta BiIOBITHI 3MiHH HOTO BIACTHBOCTEH
3aJIeKaTh BiJl MapaMeTPiB MPOLECY MPSIMOTO TiAPOMEXaHIYHOTO BUIABIIOBAHHS, TAKUX SIK, BE-
nudrHa gedopmMariii Ta TeMiieparypa nporecy, a Takoxk MOYaTKOBHI CTaH MOBEPXHI MaTepiany
Ta BUJ BUKOPHCTOBYBaHOT0 MacTiiia. [IpaBunsHuM BUOOpPOM IapaMeTpiB MpoIlecy TiipoMexa-
HIYHOTO BUJIABJIIOBAaHHS MO>KHA BUKOHATH HOTO ONTHMI3aIlif0 Ta MOAU(IKyBaTu KiHIIEBY CTpY-
KTypy 0OpoOIIOBaHOTO MaTepiany Al OTPUMaHHS OakaHOTo KiHIeBoro edekty. Tak, B po6o-
tax [7-8], po3mIAHYTO MPOIEC BHIABIIOBAHHS 3ar0TOBOK 13 TUTaHOBOTO ciutaBy (Ti > 99,7 %),
BCTaHOBJICHA ONITUMAJIbHA TeMIieparypa npouecy — 0iibi sik 400 °C [8], mpu sikiii mporec mpo-
TIKa€ 3 JIOCTaTHIM 3amacoM IUIACTUYHOCTI Marepiany Ta 6e3 CyTTEBUX 3MiH MEXaHIYHUX BIac-
TUBOCTEH Marepiany OTpUMaHOI 3aTOTOBKH.

Y po6oTi [9] po3mIsHYTO Mpoliec TiAPOMEXaHIYHOTO BHUAABIIOBAHHS HEP>KaBIIOYOI CTail
316L, BuB4asIacst MIKpOCTPYKTypa CTajll Ta CTaH OKCHUIHOI TUTIBKH, 1110 3aXUIIA€ MaTepiai Bif
KOpO3Ii.

CrhorojHi TiipoMexaHIvyHe BUABIIOBAHHS 3aCTOCOBYETHCS ISl OTPUMaHHs BUPOOIB 13 J10-
Ope omnpalboBaHa CTPYKTYpOIO 3€pHa, OPIEHTOBAHOIO IO OC1 3aT'OTOBKH, 1110 Y P/l 3aCTOCYBaHb
MOMITHO HOKpAIllye eKCIUTyaTalliifHi BIacTuBocTi Jetaii. [Ipu npomy SIKiCTh MOBEPXHI rOTO-
BOTO BUPOOY BinoBijgae nutipyBaHHIo [2].

YMOBH TepTsl, OJIN3bK1 A0 PIAMHHOTO, PI3KO 3HMKYIOTh 3HOIIIYBAaHHS MaTpHIlb, 3a0e3meuy-
I04YM BUCOKY SIKICTh IIOBEPXHI Ta TOUHICTh BUPOOY IiCJIsi BUJABIIOBAHHS, 110 JO3BOJISIE BUKIIIO-
YUTH Onepalito kaniopysanus [2; 12-13].

Buainennsi HegocCiskeHMX YACTHH 3arajbHOi nmpodiaemu. HuHi HETOCTaTHHO TTOBHO
JOCTI/IKEHO 3aKOHOMIPHOCTI, 0COOJIMBOCTI MPOTIKaHHS Ta pealizalii npouecy riipoMexaHiu-
HOTO BHJIABJIIOBAaHHS SIK TAKOTO, L0 XapaKTEePHU3Y€eThCS OUIBIIOI CTAOLIBHICTIO, HIXK MpOLEC
rigpaBnigHOro BUaaBmoBaHHs [ 14-15].

Mera pocainxenns (crarri). [ligBuiieHHs epeKTUBHOCTI MPOLECIB TIPOMEXaHIYHOTO
BUJIABIIIOBAaHHS OCECHMETPUYHMX JAeTaleld HUIIXOM BHU3HAYEHHS ONTHMAJIBHUX IMapaMeTpiB
IPOIIECy Ta PO3IIMPEHHS HOMEHKJIATypH OCECUMETPUIHUX BUPOOIB, SIKI OTPUMYIOTHCS XOJO-
HOIO TNIACTUYHOIO (hOPMO3MIHOIO.

Buxknan ocHoBHoro marepiany. Ha puc. 1 npencrapieHo po3paxyHKOBI CXeMHU TpoLIeCy Tif-
POMEXaHIYHOTO BUIABIFOBAHHS JTs AepopMyBaHHS 31 cTyneHsMu aedopmartii 28,7 ta 55,55 %.

UncenbHI EKCIIEPUMEHTH MPOLIECY TiIPOMEXaHIYHOTO BHIABIIIOBAHHS IPOBOIUTHCH 3 ypa-
XyBaHHSAM TUCKY PiIMHU, BEJIMUMHA SIKOTO BUOMpAach 3 ypaXyBaHHS MEXI TEKy4OCTi Marepi-
airy 3arotoBku. Mexa tekydocti 1 marepiany LIIX 15 og cranosuts 410 MIla.
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Puc. 1. Cxema npsamozo 6u0asno8anHs 3 N(POMUMUCKOM PIOUHU:
1 —nyancon; 2 — mampuys, 3 — 3acomoexa; 4 — piouna

BinnoBinHO, BeMMYMHA TUCKY MPHIMAaacs Uil TPhOX BapiaHTIB YUCEIBHOTO eKCIepruMe-
HTY TaKa:

P=0,3-0 =123 Mlla;
P=0,5 0 =205 MlIla;
P=0,8 0 =328 MIla.

3a gomomoroto nporpamuoro komiuiekcy DEFORM 2D npoBeneno MojentoBaHHS MPo-
1IeCy T1IPOMEXaHIYHOTO BUIABIIOBAHHS 3 BUX1THUMH JTaHUMH:

- koedimient Teptsa u = 0,07 (3a 3i6enem);

- IIBUJIKICTh NEPEMILLEHHS IHCTPYMEHTY 2 MM/C;

- marepiant DIN-100r6 ananor crani [IIX15;

- KIJIBKICTh CKIHYEHHUX eneMeHTiB ciTkn 1500;

VY pe3ynbTari NpoBeIeHHS YHCEIbHOIO EKCIIEPUMEHTY MPOLECY T1IPOMEXaHIYHOTO BH/IaB-
JIOBaHHA 31 cTyneHeM aedopmartii 28,69 % Tta tuckom piguau 123 Mlla orpumano rpadix 3a-
JIEKHOCTI 3yCUJIIS TIPOLIECy BiJ epeMillleHHs ImyaHcoHa (puc. 2). MakcuManbHe 3yCuilis, sKe
JIi€ Ha IyaHCOH I1iJ] Yac riIpOMEXaHIuHOrO BUIAaBIIOBaHHS, CTAaHOBUTH 651,2 kH.

3ycuiig, Tc
B63.2

47.0.664) ]
60.9

536

39

317 i i i ;
0.000 9.87 19.7 296 395 49.3

IlepemimeHHs MyaHCOHY, MM

Puc. 2. I'paghix 3ycunnsa-nepeminyenus npu degpopmysarnti
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Posnoxin napametpiB HanpyskeHoro-aedopmoBanoro crany (HJC) 3arotoBku B mporeci
riIpOMEXaHIYHOTO BUIABIFOBAHHS I BKA3aHUX BUIIIE TTApaMETPiB HABEACHO HA pHC. 3.

3HaueHHs IHTEHCUBHOCTI Aedopmaltii 1S TiIpoMeXaHIYHOTO BUIABITIOBAHHS 3HAXOAUTHCS
B mianaszoni 0,121-0,424 (puc. 3, 6). CTymniHb BUKOPUCTAHHS PECYPCY IUIACTHYHOCTI JIOCSTAE
0,0951 (puc. 3, a), mo 3abe3neuye OTpUMaHHA SIKICHOTO BUPOOyY. 3Ha4eHHS HOPMAJIbHOTO THCKY
Ha IHCTPYMEHT JIi€ Ha TOPIIi MyaHCOHA Ta Ha KOoHycl Marpulli craHoBuim 2530 MIla (puc. 3, 2).

0.0951 &€, MM/ MM 6, MlMa p, MlIa
0.0832 I
835 2210
0424
00713 -
1
0363 735 e
00594 o8
0303 596
00475
0242 477 1260
00357 0.182 358 949
00238 0121 239 632
00119 0.0605 I 120 18
0.000 0.000 0336 é]c?oooo Min
0000 Min 0.000 Min 0.386 Min :
2530 Max
0.0951 Max 0484 Max 954 Max
a o 8 2

Puc. 3. Posnooin napamempie H/[C:
a — Cmyninb BUKOPUCMAHHS pecypcy NAACMUYHOCMI, O — IHmeHCcusHicms oegopmayii;
8 — IHMEHCUBHICTNb HANPYICEHD, 2 — HOPMATbHUL MUCK HA NOBEPXHI IHCMPYMEHM)

Pe3ynbraTi MOAETIOBaHHS MpOIIECy T'IPOMEXaHIYHOTO BUAABIIOBAHHS 3 TUCKOM PiJIUHU
205 MIIa npuBeneHO HUKYE.
MakcumanbHe 3yCHUIS sIKe i€ Ha myaHcoH fgocsrae 635,5 kH (puc. 4).

3ycuig, Tc
bb.4

i /”_ (47.0 ,64.8)
595 — Top Die

526

456

38.7

318 " | I —— PRSP S SN WS ——
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IlepeMinieHHs IYAHCOHY, MM

Puc. 4. I'paghix 3ycunna-nepemiwenns npu oeopmysanmi
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Ha (puc. 5) HaBeneHo oTpuMaHi pe3yabTaTd MOJCIIOBAHHS MPOIECY TiIPOMEXaHIYHOTO
BUIaBIIFOBAHHS.

3HaueHHs IHTEHCHBHOCTI Aedopmanii TijpoMexaHiyHOTO BUIABIIOBAHHS 3HAXOMSTHCS B
mianazoni 0,120-0,419 (puc. 5, 6). CTyniHb BUKOPUCTAHHS PECYpCy IIACTHYHOCTI JOCSTAE
0,0960 (puc. 5, a), 0 HE € KPUTUYHUM 32 JTAaHOI CXeMH JePOopMyBaHHS. 3HAYCHHS HOpMaJlb-
HOTO THCKY Ha IHCTPYMEHT JIi€ Ha TOPIIl ITyaHCOHA Ta Ha KOHYC1 MaTPHIIi, I1i 3HAYCHHsI CKJIAJI0
2460 MIla (puc. 5, 2).

0.0960 I &, MM/MM
0.0840 0478 I
41
0.0720 o419
0.359
0.0600
0.299
0.0480
0239
0.0360
0179
0.0240 0.120
0.0120 0.0598
0.000 0000 Min
0,000 Min '
0478 Max
0.0960 Manx
a o
ci, MNa p, MlIa
951 2460 I
J 832 I 2150
. 595 1540
476 1230
357 922
238 615
119 307
0658 0.000
0658 Min 0000 Min
951 Max 2460 Max
8 2

Puc. 5. Posnooin napamempie HJ/[C:
a — Cmyninb BUKOPUCMAHHS pecypCy NAACMUu4HOCmi; O — IHmeHcusHicms oeopmayii;
8 — IHMEHCUBHICTb HANPYICEHD, 2 — HOPMATbHUL MUCK HA NOBEPXHI IHCMPYMEHM)
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3ycuiid, sKe i€ Ha IIyaHCOH IMiJl 4ac T1JpOMEXaHIYHOIO BUJABIIIOBAHHS, JOCSTae
611,9 kH, rpadix (puc. 6) 3ycwuis-niepemilmieHHs npu nedopMyBaHHI 3 THCKOM PiIUHH
328 MlIla.
3ycuiid, T¢
64.3

(47.0 , 62.4)
57.8

= Top Die
513

448

383

318 i i i "
0.000 9.87 19.7 296 39.5 493

IlepeMimenHaa nyaHCOHY, MM
Puc. 6. I'paghix 3ycunnsa-nepeminenus npu degpopmysarnHi

Ha (puc. 7-8) HaBeZiIcHO OTpHUMaHi pe3yabTaTH MPOIECy T1IPOMEXaHIYHOTO BUIABIIIOBAHHS.

00370 I €, Mm/Mm
0.0849 0467 I
a8
0.0728 040
0.350
0.0606
0292
00485
0233
00364
0175
0.0243 .
0.0121 0583
0.000 0.000
0.000 Min 0.000 Min
0.0970 Max 0467 Max
a o

Puc. 7. Po3noodin napamempig:
a — CMYRniHb BUKOPUCIAHHS PecypCy NAACMUYHOCMI, O — IHMEeHCUBHICMb deghopmayii

Pesynbraru MonentoBaHHS MOKa3aIH, 110 3HAYEHHS IHTEHCUBHOCTI Aedopmariii s Tiapo-
MeXaHIYHOTO BUAABIIOBAHHS 3HaX0AUI0Ch B AiamaszoHi 0,117-0,408 (puc. 7, 6). CTymniHb BUKO-
pucTtanHsa pecypcy miactuaHocti pocsarae 0,0970 (puc. 7, a), U0 HE € KPUTHIHUM 32 JaHOT
cxeMu nehopMyBaHHs. 3HAYCHHS HOPMAILHOTO THUCKY Ha IHCTPYMEHT WIO i€ HA TOPII MyaH-
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COHa Ta Ha KOHYCI Marpuili, 11 3HadeHHs ckiano 2760 Mlla (puc. 8, 6). Taki pe3ynbrara Mo-
XKYTb OyTH KPUTUYHUMHU /7151 OLIBIIOCTI IITAMIIOBHUX CTAJIEH Ta MOXYTh IIPU3BECTH JI0 PYHHY-
BaHHsI p0OOYOT0 IHCTPYMEHTY.

Pesynbpratu MozeaoBaHHS MpoLECy TiAPOMEXaHIYHOTO BUIABIIOBAHHS 31 CTYIIEHEM Jie-
dopmarii 55,55 % ta nporutuckom pinunu 123 Mlla HaBeneHo HHKYE.

c;, MlNa p, Mlla

946 2760 I
. 828 I 2420
710 2070
‘ 01 1730
473 1380
237 691
119 345
110 0.000
110 Min 0000 Min
946 Max 2760 Max
a 9]

Puc. 8. Posnooin napamempis:
a — IHMEHCUBHICMb HANPYHCEHb, O — HOPMATLHULL MUCK HA NOBEPXHI IHCMPYMEHMY

3ycwiuisl, sKe Ji€ Ha IMyaHCOH IiJ dYac TiPOMEXaHIYHOTO BHJIABIIOBAHHS, JOCSTAE
3501 xH, rpadik (puc. 9) 3ycwmis-niepeMinieHHs nMpu aeGopMyBaHHI.
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N S e

/7480, 357)

s | — Top Die ./
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U 1 1 A 'l

0.000 9.66 19.3 290 386 483
IlepeMilleHHA NYaHCOHY, MM

Puc. 9. I'paghix 3ycunna-nepemiwennsn npu oeopmysanmi

Ha (puc. 10) HaBeieHO OTpHMaHi pe3ylbTaTh MOJICIIOBAHHS MPOLECY TiPOMEXaHIqHOIO
BUJIABIIIOBaHHS.
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3HaueHHs iHTeHCUBHOCTI Aedopmariii 3Haxoauiucs B aiamazoni 0,708—0,944 (puc. 10, 6).
Crymiabs BUKOPUCTaHHS pecypcy mnactuaHocTi gocsrae 0,0331 (puc. 10, a), mo He € KpuTH4-
HUM 3a JIaHOi cXeMH JeOopMyBaHHS. 3HaUCHHsI HOPMAJILHOTO THCKY Ha IHCTPYMEHT i€ Ha TO-
plii MyaHCOHA Ta Ha KOHYCI MaTpHili, 1i 3Ha4eHHs craHoBmIo 2150 MIla (puc. 10, 2).

0.0331 I £, MM/MM

0944
0.0290 I
0.826
0.0248
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0.0207
0530
0.0165
0472
00124 0354
i 000827 0236
000414 0.118
0.000
0.000
»
0000 Min 0,000 Min
0.944 Max
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a 0
6;, MNa p, MIIa
1030 I 4300 I
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0.0000481 0.000
0.0000481 Min 0.000 Min
1030 Max 4300 Max
8 2

Puc. 10. Po3nooin napamempis H/[C:
a — Cmyninb BUKOPUCMAHHS pecypCy NAACMU4YHOCmI, O — IHmeHcusHicms oepopmayii;
6 — IHMEHCUBHICMb HANPYIICEHb, 2 — HOPMANbHUL MUCK HA NOGEPXHI IHCMPYMEHM)

[Ipu MonentoBaHHI MpoIecy TIAPOMEXaHIuHOTO BUABIOBaHH 3 mpoTutuckoM 205 Mlla 3y-
CHJLIA, SIKE JTi€ Ha ITyaHCOH ITiJ] Yac TiIpOMEXaHIYHOT0 BUIaBIIIOBaHHs, focsirae 3491 xH (puc. 11).
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Pe3ynbraTté npoBeICHHS YNCEIbHUX SKCIIEPUMEHTIB ITOKA3ai, 10 3HAUYCHHS CTYIIEHS BH-
KOPUCTaHHA pecypey miactuaHocTi gocsirae 0,0326, 1m0 He € KpUTHYHUM 32 TAKOKO CXEMOIO Jie-
(dopmyBanHs. 3HaYEHHS HOPMAILHOT'O TUCKY Ha IHCTPYMEHT Ji€ Ha TOPLIi TyaHCOHA Ta Ha KOHYCI
Marpuili, i 3HaueHHs craHoBwiM 3230 MlIla. Taki pe3ynbraT MOXKYTh OyTH KPUTUYHUMH IS
OUIBIIOCTI IITAMITOBUX CTAJICH Ta MOXKYTh MPU3BECTH JI0 PyHHYBaHHSI pOOOYOTr0 IHCTPYMEHTY.

3ycnnas, TC
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ITepeMimmeHAA MyaHCOHY, MM
Puc. 11. I'paghix 3ycunna-nepemiwjenns npu oechopmysanti

[pu MozeroBaHHI MPOIIECY TiIPOMEXaHIYHOTO BHIABIIOBAHHS 3 MpoTUTHCKOM 328 MIla 3y-
CHILIIS, SIKE JTi€ Ha MyaHCOH ITiJI Yac riIpoMeXaHiyHOro BUIaBIroBanHs, nocsrae 1952 kH (puc. 12).
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Puc. 12. I'paghix 3ycunnsa-nepemiwenns npu oeghopmysanmi
Pe3ynbratu yncenpbHOTr0 MOICITIOBAHHS MTOKA3aJIH, 10 3HAYEHHS IHTEHCHUBHOCTI ehopma-
11 IT1]1 Yac T1IpOMEXaHIYHOTO BUIABIFOBAHHS 3HAXOIUThCs B Mexkax 0,225-0,901 (puc. 13, 6).
Crynine BUKOpHUCTaHHS pecypey miactuyHocTi gocsarae 0,0362 (puc. 13, a), 110 He € KpUTHY-
HUM 32 TaKOI0 CXeMOto JeGopMyBaHHs. 3HAUEHHS HOPMAIILHOTO TUCKY Ha IHCTPYMEHT, 110 i€
Ha TOPIIi TyaHCOHA Ta Ha KOHYC1 MaTpwii, craHoBmiIo 2650 MIla (puc. 13, ).
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Puc. 13. Po3nooin napamempis H/[C:
a — CmyniHb 6UKOPUCMAHHS PeCypcy NAACMUYHOCMI, 6 — IHMeHCUBHICMb Oeghopmayii;
6 — IHMEHCUBHICMb HANPYIICEHb, 2 — HOPMALbHUL MUCK HA NOGEPXHI IHCMPYMEHM)

BucnoBku: 1. Takum YMHOM, 3aCTOCYBAHHS TEXHOJIOTIi XOJOIHOTO T1IPOMEXaHIYHOTO
MpEeCyBaHHs JO3BOJISIE MIABUIIUTH PsII MEXaHIYHUX BIACTUBOCTEH 3arOTOBOK 3a PaxXyHOK 3Mi-
I[HEHHS Ta MOAPIOHEHHS CTPYKTYpH 3epHa marepiany. Bupobu, oTpuMaHi TakuM criocoOoM,
XapaKTePU3YIOTHCS MiIBUIIIEHOO CTIHKICTIO CTIMKICTh MaTepiaiy /10 3HOIICHHS, 10 TOCUTh Ba-
JKITMBO TSI IHCTPYMEHTAIBHUX CTaJIeH, 0 SKUX CTaBJIATHCA MiABUINCHI BUMOTH. [ ipomnpecy-
BaHHS TAaKOX IMiJIBUIIY€ MIACTUYHICTH MiJ] Yac MPOTIKaHHSA MPOLIECY 3aBISKU PiIUHI, sIKa CITy-
T'y€ MPOTHTHUCKOM Ta 3MAllyBaHHSAM ]ISl 3aTOTOBKH, 1[0 CBOEIO YEPTOI0 3MEHIIYE CHIIA TePTS
Ta TEXHOJIOT1YHE 3yCHIUISI HA IHCTPYMEHT.
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2. MeTooM CKiHYEHHHUX €JIEMEHTIB 3 BUKOPUCTAHHSIM MporpaMHoro cepeaosuiia Deform
2D cTBOpEHO Ta pO3paxoBaHO CXEMH T'1IPOMEXaHIYHOTO BHJIABIIOBAHHS 3 PI3HUMHU CTYIICHSIMHU
nedopmariii Ta THCKOM PiIHH.

VY mporeci gociimkenHs Oylio mpoaHali30BaHO BIUIMB CTyHEHs AedopMariii Ta TUCKY pi-
JTUHU Ha HampyXeHo-nedopMoBaHuil cTaH 1e(OpMOBAHOI 3aTOTOBKH, BU3HAUEHO ONTHUMAJIbHI
BEJIMYMHU THCKY.

Takum 4MHOM, MPOBENEHHS MOJEIIOBAHHS MPOLECY TiIPOMEXaHIYHOTO BUIABIIOBAHHS
IpY Pi3HUX BEITMYMHAX THCKY PIIMHU MOKA3aJo II0:

a) 301IbIeHHs TUCKY piguHu 31 123 MIla no 338 MIIa cyTTeBO HE BIIMBA€E HA BETUYUHY
CTYIICHSI BUKOPHCTAHHS PeCypCy ITUTACTUYHOCTI Ta MOBHICTIO 3a0e31meuye OTpUMaHHs SIKICHUX
IEeTalIen;

0) 31 301pIIeHHsAM THCKY piguau 31 123 MlIla no 338 Mlla 3ycuiuisa mporecy (3ycuiuis Ha
MmyaHcoHi) 3MeHmuiocs Ha 10 %;

B) HalilMeHII HampyxeHHs Ha Matpulli (2460 MIla) ciocTepiranucs npu TUCKY PiAMHA
205 MlIla;

T) 31 30UIBIICHHSM CTyTIeHS fedopmartii 3 € = 28,69 %, 1o € = 55,55 % koedimieHT BUKOpHC-
TaHHA pecypcy MacTudHocTi 3mMeHmmBes 3 0,097 mo 0,0362, 110 cBiAUUTH PO Te, M0 e(heKTHB-
HICTh BUKOPHCTAHHS T1JPOCTAaTUYHOTO TUCKY 3POCTAE 31 30UIBIICHHSIM CTYIeHs edopMallii;

1) 31 30UIBIIEHHSM cTyneHs nedopmartii 3 € = 28,69 %, no € = 55,55 % 3ycuis nporecy
JUTSE MAKCUMAJTBHOTO MTPOTUTUCKY P1AWHY 301IBIIMIOCH Maiike BTPUYI.
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INFLUENCE OF LIQUID PRESSURE ON THE TECHNOLOGICAL
PLASTICITY OF METAL UNDER DIRECT HYDROMECHANICAL EXTRUSION
OF VISESIMETRIC PRODUCTS

In the process of cold plastic hydromechanical extrusion of metals, which is carried out at high (1-2 GPa) hydrostatic
pressure applied to the focus of plastic deformation of the workpiece, tool steels undergo significant deformations that effec-
tively affect their structure and physical and mechanical characteristics. These deformations, in combination with thermome-
chanical processing, open up new possibilities for increasing the stability of cutting and stamping tools. For example, cutters,
drills, taps, punches and reamers made by the method of cold hydromechanical extrusion demonstrate stability 4 times higher
than tools created by traditional techno.

The mechanical properties of the workpieces increase due to the strengthening and refinement of the grain structure of
the material. Hydromechanical extrusion also increases plasticity during the process due to the liquid, which serves as back
pressure and lubricant for the workpiece, which in turn reduces frictional forces and technological forces on the tool.

The paper presents the results of numerical experiments on modelling the process of cold hydromechanical extrusion
using the finite element method using the Deform software complex. The modelling was carried out to determine the influence
of the main parameters of extrusion (fluid pressure, degree of deformation, boundary conditions) on the stress-strain state of
the workpiece, the force of hydromechanical extrusion and the degree of use of the plasticity resource.

The optimal value of the process parameters was determined from the point of view of ensuring the maximum amount of
technological plasticity of parts during hydromechanical extrusion.

Keywords: hydromechanical extrusion; modelling; finite element method; stress-strain state; failure criterion; utilization
factor; degree of deformation; pressing force.
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PO3POBKA CHEHNIA/IIBOBAHOI'O OBJIATHAHHS
JJIA BUT'OTOBJIEHHSA AETAJIEU IMCTOBUM IITAMITYBAHHAM

Texnonoeii K06anbCbKO-UMAMNY8ANLHO20 BUPOOHUYMEA MAIOMb NPOSPECUSHUL XapaKmep, wo 3a0e3neyye 6UCOKy sK-
icmb, MmoyHicmb, NPOOYKMUGHICTL MA NOKPALWeHHSL MEXAHIYHUX 6/1aCmusocmeli 0emainell, wo € HeoOXiOHUM 051 agiadydieHOT
ma aepokocmiunoi eanysi. OOHaK 6UHUKAE NOMpeda y CMBOPEHHI HOBUX MUNI8 0OIAOHAHHA Ol BULOMOBIEHHS NEeBHOI epyniL
demarneti. Memor pobomu € 8UpoOLeHHA MEXHIYHUX NPONO3UYIll U000 SUKOPUCAHHS WMAMNYEATbHO20 00IAOHAHHA Md
OCHAUeHHsI HeMUNOB0T KOHCMPYKYIT 0l OMPUMAHHA 0emanell 3 TUCMOBUX 3A20MOB0K, AKI 6Yy0ymb 8NPOBAONCEH] Y UPOOHLU-
ymeo. B pobomi 3anpononHo8ana KOHCMPYKYis CneyianbHo20 001A0HAHHA Ol 8USOMOBIIEHHS TUCMOBUX demaiell, wo 6asy-
€MbCS HA 3ACMOCYBAHHI NHEBMOYULIHOPY.

Knrouogi crosa: npec; wumamn; eupyoysanns;, npOOUSAHHS, 2HYMMS; MAMPUYSL, NYAHCOH; 3A30D; 3A20MOBKA; 0emab.
Puc.: 9. bion.: 13.

6

AKTYaJIBHICTh TeMH J0CJTizKeHHsl. [0J0BHE MpPHU3HAYEHHS KOBAJbCHKO-IITAMITYBaJIb-
HOTO O0JIaTHAHHS ToJsirae y (OopMO3MIHEHHI METaliB, CIUIaBIB, HEMETAJICBUX MaTepiaiB ITij1
nieto Tucky. s Toro, mo0 npruBeCTH MaTepial B IUIACTUYHUM CTaH Ta MofoyiaTH omip aedop-
MYBaHHIO, KOBaJIbCHKO-IIITAMITyBaJlbHA MalliHa TIOBUHHA CTBOPIOBATH HEOOXimHE nedopmy-
104Ye MUTOME 3YCHIUIS TIPH 33JaHOMY TTepeMIllIeHH] 3 HeoOXiTHO0 mBuAKicTIO [1-3].

3arasbHOB1IOMO, IO TEXHOJIOT1i KOBAJIbCHKO-IITAMITyBaIFHOTO BUPOOHUIITBA MAIOTh MPO-
I'PEeCUBHUI XapakTep, IKuil 0a3yeThCcsl HA OTPUMaHHI JeTajel 3a1aHoi (GOopMH 13 3ar0TOBOK He
HUISXOM BIJJIIJIEHHS] YaCTUHU METAly B CTPYKKY a00 BiAX1[ (moaidoHo oO6poOLii MeTatiB pi3aH-
HSIM), @ IUIIXOM pallioHAJILHOTO Mepepo3noainy meraty. Lle mae MOXIMBICTH CKOPOTUTH BCl
BUJU Tpy0oi 0OpOOKHM pi3aHHSAM Ta IHIIUMHU BUJAMH OOPOOKH, a TAaKOX 3MEHIIMTU (iHIIIHI
onepauii (nuridpyBaHHs Ta iHII). BUkopucTaHHs mITaMIyBajJbHHUX olepaliil 3abe3neuye BuU-
COKY TMPOJAYKTHUBHICTP Ta ITiIBUIIECHHS MEXaHIYHUX BIACTHBOCTEH aeraiei [1-4].

Haii0inb11 4y TIMBOIO 10 CTaHy Ta PO3BUTKY KOBAJILCHKO-IITAMITYBaJIbHOTO 00IaJHAHHSA €
aBiaOy/iBHA Ta aepOKOCMIYHA ramy3b. st 00’ €KTIB aepOKOCMIYHOT TEXHIKM HEOOX1THO OTPH-
MYBaTH JeTajll MiHIMaJIbHOI Baru 3 MakKCUMaJbHUMHU CIYOOBHUMHM Ta €KCIUTyaTalliiHUMH Xa-
paKTepUCTUKaMU, 10, K IPaBUII0, MOXKE 3a0€3MEeUUTH TUIBKH 00poOKa MaTepiaiiB TUCKOM. 3
i€l npuuuHu 171 30epekeHHst YKpaiHU K pPO3BUHYTOI MPOMUCIIOBOI KpaiHU B yMOBax BiHU
He0OX1aHa MIATPUMKA Ta PO3BUTOK OCHOBH BCHOTO MAITMHOOYTyBaHHS: KOBaJIbCHKO-TIPECOBOTO
mamuHoOynyBaHHs (KIIM), koBanschko-mTammyBanbHoro BupoonunTsa (KILB) i 06poOku
metaniB TuckoM (OMT) [1-4].

© 10. I1. Bopopiii, O. A. Canoscbkuii, O. B. Xonssik, C. @. Cabou, I1. 1O. IIpouenko, B. B. ITlimanos, 2024
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IlocTanoBka npodiaemu. [Tonpu pi3HOMAaHITTS HAsSBHOTO OOJIaJHAHHS, Y BUPOOHHUIITBI
1HOZII BUHMKAE NTOTpeda y CTBOPEHHI HOBUX TUIIIB 00JIaJHAHHS JJIs1 BATOTOBJICHHS IEBHOI IPyNH
netaneii. HoBe o6magHaHH, 1110 pO3p0OIsS€THCS, Ma€ MEBHI IepeBary y MOPiBHIHHI 3 ICHYIOUUM
KOBaJIbCHKO-IITAMITYBAJIbHUM 0018 THAHHSM.

AHaJi3 ocTaHHIX H0CaixKeHb i mydaikauiii. 3rigHo 3 [1-3] KOBaIbCHKO-IITAMITYBaIbHI
MAaIIIMHU 32 TOJIOBHUMHU KOHCTPYKTHBHUMH O3HaKaMH a00 TEXHOJIOT1YHUM MPU3HAYEHHSM I10-
JISI0THCS Ha 12 BUJIIB, K1 XapaKTEPU3YIOThCS HOMIHAIBHUM 3ycriusiM Bix 25 kH mo 750 MH,
edextuBHOIO eHepriero Bix 1 k/[x no 5 Mk, nianazonom mBuakoctei Big 1 mm/c 1o 100 m/c.
OCHOBHMMH BUIAMH KOBAJIbCHKO-IIITaMITyBaJIbHOTO OOJIaJHAHHS € KPUBOLIMITHI MpecH, Tijipa-
BJIIYHI IPECH, MOJIOTH Ta iHIIe 00N JHAHHS JJIS Tapsiuoro MITaMIyBaHHS, pOTAIliiiHI MaIlIvHHY,
TiAPOIMITYJIBCHI YCTAaHOBKH Ta 06araTo 1HIIWX THITIB MaIIH.

CrporonHi, B CBITi, TAKOXK PO3BUBAETHCS HANIPSIMOK, IO CTOCYETHCS PO3POOKHU MPECIB M
JMCTOBOTO IITaMITyBaHHSI, B IKMX B SIKOCTI CUJIOBHX €JIEMEHTIB MAIllWH JIJIsl BUKOHAHHSA MPOC-
TUX omepamii pi3ku [S], BUpyOku, mpoOUBKH [6] Ta THYTTS [7] 3arOTOBOK 3 JINCTOBUX Marepia-
1B, BUKOPUCTaH1 MTHEBMOUMIIHAPU. Y poboTax [5-7] mMHEeBMaTH4HI IPECU BUKOPUCTOBYIOTHCS
JUTS BAKOHAHHS CIIEIIalIbHIX TEXHOJIOTTYHUX OMeparlii, 1 IX KOHCTPYKIIis He epeadadac ix yHi-
BEPCAIbHOTO 3aCTOCYBaHHS.

Ha punky Ykpaiau nponoHyrOThCs 1715l BAKOHAHHS OTepariiii 00poOKu MeTasiB THCKOM (JIU-
CTOBE IITaMITyBaHHs1) KPUBOIIIMITHI Ta ripaBniyni npecH (puc. 1-a) [8]. KoncTpykiis 1ux npecis
MICTHTh CTAaHHHY, SIKa CIIpUHMAae HaBaHTKEHHSI, 1[0 BUHUKAOTH ITiJ] 9ac mporecy GopMoyTBo-
peHHs 3arotoBku. [THeBMoriapapivni [9] Ta mEeBMaTnyHi pecu [10] 31e011b110M0 BUKOPUCTO-
BYIOTHCS B TATY35X XapUOBOI Ta JIETKOI IPOMHUCIIOBOCTI 1 SIK 1 T1IPaBIIIYHI MAIOTh CTAHUHY.

Puc. 1. Ilpecu:
a — eiopasniunuii [8]; 6 — nneemociopasniunuii [9]; 6 — nneemamuunui [10]

CyuacHi MHEBMOLMITIHIPU JIO3BOJIAIOTH PO3BUBATH 3yCHILIs 10 5 Tc. Taki 3ycusuia JaroTh
MO>KJIMBICTh BUKOHYBATH OIIEpallii JINCTOBOTO IITAMITyBaHHS 3 METaJlaMU YU CIUIaBaMH.

BunijieHHs1 HelOCTiIZKeHX YaCTHH 3arajibHoi mpodsemu. Biitna B YkpaiHi moka3zana, 1o
YCHINIHICTh Ha 011 0010 3aJIeKUTh BiJl HASBHOCTI JIOCTAaTHBOI KUTHKOCTI OoempumaciB Ta BITJIA
JUISL pO3BIJIKM T BUKOHAHHS yJapiB 10 NpoTUBHUKY. BITJIA MICTATh CKI1a/10B1 €IEMEHTH, 1110 BU-
TOTOBJISIIOTHCS 3 IMCTOBUX MaTepialiB, Uil OTPUMAHHS SIKUX B MaCOBIH KIIBKOCTI MOTP1OHO CTBO-
PIOBATH MEPEXKY MiANPHEMCTB, III0 MatOTh OyTH OCHAIEHI KOBaJIbChKO-IITAMITyBaJIbHUMH TIpe-
camu. B yMoBax oOMexeHHX KOIITIB MOTPIOHO IIYKaTH BaplaHTU KOHCTPYKTUBHOTO BUKOHAHHS
IIUX TIPECIB, SKi JO3BOJIATH CIPOCTUTH Ta 3/IEHICBUTH IXHIO KOHCTPYKIIiFO. Y il poOOTi po3ris-
HyTa KOHCTPYKIIisl IPeCy /s TUCTOBOTO IITAMITyBaHHS 3 CUJIOBOIO YCTAHOBKOIO Ha OCHOBI ITHE-
BMoImIiHApy. Ha choromni B YkpaiHi Taki BapiaHTH IPECOBOTO 0OIaHaHHS € PIAKICTIO.

Meta gociixxenHs (crarTi):

1. Po3misii MOXKIIMBOCTI BUKOPHCTAHHS HITaMITyBaJbHOrO OOJaJHAHHS HETHIIOBOI KOHC-
TPYKIII 1151 OTPUMaHHS JeTajiel 3 TMCTOBUX 3arOTOBOK.
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2. Po3po0Oka KOHCTPYKIIii Ta MPOEKTYBAaHHS CIIEI1aJIi30BAaHOTO 00JIaJHAHHS Ta OCHAICHHS
JUISL LITaMITyBaHHS JIeTajlen.

3. AHaii3 mepeBar po3po0eHOi KOHCTPYKIIT 3 TPaaulliiHIM KOBaJbChKO-IITAMITYBaJIb-
HUM 00JIaJHAHHSIM.

Bukusiaa ocHoBHOro marepiany. Po3po6ka mHEeBMaTHUHOTO Mpeca Benach Ui OTPUMaHHS
JeTaJlel 3 JINCTOBOI 3arOTOBKH, MOJIENb SIKOI ITOKa3aHa Ha puc. 2. Llg neranb € TMUIIOBOKO IS
MaluHOOyAyBaHHA. JleTanb € MOpPIBHAHO HECKIIAJHOIO, 1 A7 ii OTpUMaHHS TOCTaTHbO BUKO-
HATH orepaliii mpoOuBaHHs, BUpyOyBaHHs Ta THYTTs [4; 11-13].

N

Q(/-

Puc. 2. 'omosa demans:
a — modenv, 6 — peanbHi demaii

VY mporieci po3poOKH TEXHOJIOTIYHOTO MPOIeCy BUHHUKIIA HEOOX1THICTh PO3PaxXyHKy BHXi-
JTHOI 3arOTOBKH 3 JINCTOBOTO Marepiany. Ha puc. 3 moka3aHuii ecki3 3aroToBKH 3 OCHOBHUMH
po3Mipam# 3 ypaxyBaHHSAM reOMeTpii TOTOBOI AeTaii micis rayTrs [4; 11-13].

3rigHo pO3po0IECHOT TEXHOJIOTIT BUTOTOBICHHS OYIIM ITPOBE/ICH] TEXHOJIOT1UHI PO3paxyHKH,
pe3ynbTaraMu SIKUX €:

1) moexxuHa 3aroToBKH — 51,4 MM,

2) cymapHa JIOBKHHA BUpyOyBaHHs — 172,36 MMm;

3) cuiIoBi MapaMeTpH: 3yCHIUIs BUPYOyBaHHS Ta MPO-
OuBaHHA 2,65 Tc; cymapHe 3ycuiuisd THYTTs — 0,6 TC; 3y-
CHJLIISL JIJIsl TPOIITOBXYBAHHS Bi1X0/iB IITaMoBku — 0,32
TC; 3yCHJIJIS IS 3HATTS 3aTOTOBKHM 3 IyaHCcoHiB — 0,17 T.
OT:xe, HeoOX1/1HE 3yCHILIS [ BUTOTOBJIEHHS (IITa-
MITyBaHHS) JIeTajli CTaHOBUTH 3,74 Tc.
3riIHO 3 PO3POOJECHOI0 KOHCTPYKIEK JIJISi BHKO-
HaHHS TEXHOJOTIYHMUX OIepaliil JUCTOBOro HITaMITy-
BaHHsI BUKOPHUCTOBYETHCSI €HEPIis CTUCHEHOIO MOBITPS.
Ile mo3BOJsIE OTPUMATH TaKi TEXHIYHI, TEXHOJIOTIYHI Ta
€KOHOMIUHI e(heKTHU:
r=05  red=15 - 3HaYHO CIIPOCTUTH KOHCTPYKIIIIO KOBAJIbCHKO-IIITA-
MIIyBaJbHOTO OOJaJHAHHSA, BUKOPHUCTOBYIOYHM CTaHAAp-

h=34,0

AT I
red=i5 f: N TH1 By3J11 (THEBMOLWJIIHPH);
r=05 rerss - po3po0JieHa yCTaHOBKa st JIACTOBOTO MITAMITy-
‘ BaHHsI Ma€ HEBEJIMKY Macy Ta rabapuTHI po3MipH, 1110 Ja€
i MEeBHUN €KOHOMIUHUHN €(eKT;
1270 - YCTaHOBKA JIETKO BIHCYEThCS y THYYK1 BI/IpO6HI/IL.Ii
CUCTEMH, OCKIJIBKM MAa€ MOKJIMBICTH JIETKOTO IEpeMI-
Puc. 3. Eckiz 3aeomoexu IIEHHS 0 TEPUTOPIi LEXY;
3 OCHOBHUMU PO3MIpaAMU - BUKOPHUCTAaHHA CTHUCHCHOI'O HOBiTpSI K JOKEPCIIa

MeXaHIuHOi eHeprii BMKIIOYa€E HEOOXiIHICTh 3acCTOCy-
BaHHsI JOPOTHX Ta CKJIAJHUX MEXaHIUHUX, €NIEKTPUIHUX Ta T1IPONPUBOIIB.
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OTpumaHe 3HaUYCHHS TEXHOJIOTTYHOTO 3yCHILIS 3a/I0BOJIbHSIE YMOBI (3,57 < 5 TC), 3a sIKOIO
Oyze mpOBOIUTHCH BUOIP Kepesa MeXaHIuHO1 eHeprii — THEBMOLMITIHApPA.

OCKiJTbKM THEBMOLIMITIHAPH BUTOTOBJISIFOTHCS! CTAHAAPTHUMH, TO 3 HAsIBHOTO Psiy BHOU-
paeMo HMIIiHAp, MMOKa3aHW Ha puc. 4, e BKa3aHi Horo rabapuTHI XapakTepuCcTUKU. 300pa-
YKEHHS THEBMOLWJIIH/IPA Ta 10r0 OCHOBHI YaCTHHU ITPEJICTaBJICH] Ha pHC. 5.

PSK14.250-XXXX
386+Xi4,
84 105 197+ xi4,
70 2-G3/4_,

8 & I H
)| =
>3
_140 50 ]40 ‘_ 9270 A
Puc. 4. I'abapumni xapaxmepucmuxu 0o6paroeo Puc. 5. 3oeniwniii suenno

NHeBMOYUNIHOPA NHe8MOYUNIHOPA

Ha puc. 6 300paskeHa cxema KOHCTPYKIIiT IAJTIH/Ipa Ta MOKa3aHi OCHOBHI oro aerani. Oc-
HOBHUMH YaCTHUHAMU MTHEBMOIMITIHIpa € Kopityc 23 TpyOuacToi hopmu, skuii Mae 3aaHt0 13 Ta
nepeanto 20 Kpuiky, amominieBuid nopmens 20, skuii 3’ eTHaHUN 13 ITOKOM 21, 1110 Mae Kpi-
NWIBHY Ta PETYTIOBANIbHY raiiky 1. BukopucTaHHs B SIKOCTI OCHOBHOI KOPITYCHOI JieTaii TpyOu
3HAYHO CITPOIIY€E KOHCTPYKIIIO BCHOTO ITHEBMOIMIIIH/PA 3arajioM Ta 3HMKYE HOTO BapTiCTh.
Kopnyc numinzapa ta KpUILKH CTATYI0ThCs TBUHTaMU 18. Mix nepeanboro kputikoro 20 1 mTo-
KoM 21 po3MileHa Harpagisiioda BTyJIKa 4 Ta yIIiIbHEHHS 2 Ta 3, a TAKOXK aMOPTU3YIOUE YIIli-
apHeHHS 19. MiX HUTiHIPOM 1 MOPIIHEM MICTATHCS yIIUTbHEHHS 7, 8 Ta 22. OCHOBHI €JIeMEHTH
peryapoBaHOTO eMI(yBaHHs MMoka3aHi Ha mo3uiisx 9 ta 10 (puc. 6).

3@ B @ @O (6 M wm @

/

|
20 @ a9) @3) (8) (1) (16) (8 14)
Puc. 6. Ilepepiz nnesmoyuninopa:
1 — xkpinunvna eavika; 2 — ywjinonenns wmoxa, 3 — yYWinohio8ay,; 4 — Hanpasaoua 6mynKd,
5 — ywinbHenHs Kpuwikuy, 6 — antomMiniesa 6mynKa, 7 — Hanpaesisoye YuiibHeHHs NOpulHs (1ise);
8 — nanpasnaroue ywinonenns nopwina (npase); 9 — pecyrvosane oemnysanus,
10 — peeynrorouuii ceunm; 11 — ywinonenns; 12 — eatika nopwins, 13 — 3a0mns kpuwika,
14 — cmseyrouuii e6unm, 15 — ywinonenns nopwins, 16 — antominiesuii noputens, 17 — maeuim,
18 — cmanesuit cmpuoicens, 19 — amopmusyroue ywinonenuss NBR abo Viton, 20 — nepeonus
Kpuwixa, 21 — xpomosanuii wimox, 22 — ywinbHeHHs nopuwiHs, 23 — antoMiniesa 2inb3a — mpyoa
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Ha puc. 7 npencrasnena Mozenb BCi€l yCTaHOBKH JUIsl IITaMITyBaHHS B 300pi. OCHOBHUMU
YaCTUHAMH YCTAHOBKH € LWIIHJP, PO3TAIIOBAHUHN 3BEPXY, Ta IITAMI, Y SKOMY OTPHUMYETHCS
neTanb (HKHS yacThHA). TpuBUMIpHA MOJENb MITAMITy OKPEMO TOKa3aHa Ha pHucC. 8.

a

Puc. 7. Mooenv obraonanus y cknadi npecy ma wimamny:
a — 2on06Hull 8U0, 6 — 6uo 3 60Ky, 1 —wmamn, 2 — nHeemMoyuninop, 3 — naynocep, 4 — cmin;
5 — pyxoma nonepeuuna (noe3yn), 6 — Ko1onKa, 7 — 6myiKa

3

Puc. 8. Mooenv wumamny:
1 — nuorcna nauma, 2 — eepxusa nauma, 3 — X60Cmosuk,; 4 — 610Kk Mampuywv,
S — 6nox nyanconis,; 6 — konouka, 7 — emynxa

[Ticns po3poOKM Ta MpOEKTyBaHHS IITaMI OyB HAIpaBJIeHWH Ha BUTOTOBJICHHS. 3a TIPHUH-
IIUTIOM JIii TITaMI € IITaMIIOM MPOCTOT ii. 3aradpbHU BUIVIST IITAMITY Y PO310paHOMY BHIIISIII,
a TaKOXX HOTO OCHOBH1 YaCTUHU (BEpXHS Ta HMKHS ), TTOKa3aHi Ha puC 9. KOHCTPYKTHUBHO MITaMIT
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HE Ma€ BIIMIHHOCTEH BiJ TPaAMLIMHUX IITAMIIIB MPOCTOI Aii JJIS JINCTOBOTO IITaMITyBaHHSI.
Moro oCHOBHMMH YaCTHHAMH € OJIOK IITaMITy, SKHH CKJIAJA€ThCSA 3 BEPXHBOI Ta HIYKHBOT IJTUT
Ta HAIMPABJISAIOUMX KOJIOHOK 1 BTYJIOK, @ TAKOXK IHCTPYMEHTIB — ITyaHCOHIB Ta MaTpPHULb.

Puc. 9. 3o06niwniii 6uensio wmamny:
@ — HUDICHA YACmuHa, 0 — 8ePXHA YACMUHA

3aranbHUi BUDIA/ BCl€] YCTAaHOBKH B 300Di, Sika BUKOPUCTOBYETHCS Y BUPOOHUUMX YMOBAX,
npezcranineHuii Ha puc. 10. SIk MoxHa MoGaunTH Ha 300pakeHH1, po3po0JIeHa YCTaHOBKA € KOHC-
TPYKTHUBHO MPOCTOIO, BUPI3HAETHCS HEBETTMKUMH ra0apUTHIMH PO3MIPaMH 1, SIK HACIIIOK, MACOIO.

[TopiBHSHO 3 TpaAULIHHIM KOBAJILCHKO-IITAMITYBAJIBHUM OOJIAJHAHHSAM yCTAaHOBKA MOXKE
OyTH JIETKO TIepeMillieHa Mo TIoNaM BUPOOHUYHX IIEXIB Ta HE MOTpedye TpoMi3aKuX QyH/a-
MEHTiB. Ba)nBo0 ii KOHCTPYKTHBHOIO TIEPEBATOI0 € BiJICYTHICTh CTAHUHU, MTOPIBHSHO i3 PO3-
DISSHYTUMH B 111 po0oTi mpecamu [6-10].

bt -

g

Puc. 10. 3osHiwniu suenso npecy

IlepeBaru po3po0OieHoro o01aJHaHHS HaJl CTAaHJAPTHUM KOBAJIbCHKO-IITaMITyBaJIbHUM 00-
JaTHAaHHSIM:

1. BigcyTHicTh TOTpeOU B JOPOTOMY KOBaJIbChKO-IIITAMITYBAIBHOMY OOJIaTHaHHI.

2. TexHIYHA TPOCTOTA PO3POOICHOI KOHCTPYKIIIT 3 BUKOPUCTAHHIM CTaHAPTHOTO BY3J1a.

3. HeBenmka Maca Ta rabapuTHI pO3MipH YCTAHOBKH, BIJICYTHICTh OOMEKEHB MICITS PO3Mi-
IIICHHSI YCTAaHOBKH B II€XY, BIICYTHICTh ()yH/IAMEHTY.

4. BUKOpUCTaHHS CTUCHEHOTO IMOBITPS SK JDKepesa MeXaHiuyHOl eHeprii, BiICyTHICTh elle-
KTPOJBUTYHIB Ta €JIEKTPOOOIaHAHHS, MACUBHUX CTAHUH Ta CKJIAJHUX MEXaHIYHHX TPOMI3[I-
KHUX TPUBOJIIB 3 00EPTOBUMH JETAISIMU (MaXOBUKAMH ), BIICYTHICTh T1IPOIIPUBOAIB TOIIO.
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5. MOXHBICTh CTBOPEHHSI KOHCTPYKTUBHO TIOJIIOHOTO Psy MPECiB HA OCHOBI CTaHIAPT-
HUX ITHEBMOIIMITIH/IPIB.

BucHoBKH.

1. CchopmynsoBaHi MPOIMO3UIIiT MO0 BUKOPUCTAHHS IITAMITYBAJIBHOTO O0JIaJHAHHS HETH-
MOBOT KOHCTPYKIIIi JJ1s1 OTPUMaHHSI IETAJICH 3 TUCTOBHX 3aT'OTOBOK.

2. Byiio po3po06iieHo KOHCTPYKIIiFO Ta CIPOSKTOBAHO CIIeliani3oBaHe o0aaaHanHs (puc. 7)
Ta OCHAIICHHS (pHUC. 8) A MTaMITyBaHHS JCTaNl 3 JUCTOBOI 3aroTroBku. Po3pobnene obma-
HaHHA (Tpec) Mae KOHCTPYKTUBHI, TEXHIUHI Ta eKOHOMIYHI IIepeBark nepea TpaauiiifHuMH BU-
JaMH KOBaJIhChKO-IIITAMITYBAJIBHOTO OOJIaTHAHHSL.

3. OcoOnuBICTIO PO3POOIEHOTO MIPECY € BUKOPUCTAHHS CTAHAAPTHOTO MTHEBMOIMITIH/IPA,
SIKHIA 0€3II0CEPEHBO 3’ €JHYETHCS 13 ITAMITOM, 1[0 3HAYHO CIPOIIY€ KOHCTPYKIIIFO BCi€T ycTa-
HOBKH, 3MCHIIIYEThHCS KUTbKICTh JICTAJICH, BiJiNaae HEOOX1THICTh y CTAHWHI Ta THIITUX JETaNAX,
SIKI BUKOPHUCTOBYIOTBCS B TIPECaXx.
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DEVELOPMENT OF SPECIALIZED EQUIPMENT FOR MANUFACTURING
PARTS BY THE SHEET STAMPING METHOD

The technologies of forging and stamping production are progressive, which ensures high quality, precision, productivity
and improvement of the mechanical properties of parts, which is necessary for the aircraft and aerospace industries. Despite
the variety of existing equipment, in production, there is sometimes a need to create new types of equipment for the production
of a certain group of parts. The purpose of the work is to develop technical proposals for the use of stamping equipment and
the equipment of an atypical design for obtaining parts from sheet blanks.
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In the article possible technologies for obtaining a part from a sheet blank was analyzed. The adopted part (figure 1) is
relatively simple, and punching, cutting and bending operations are enough to obtain it. To obtain it, a manufacturing
technology was developed, technological calculations were carried out, and the power parameters of the process were
determined: blanking, piercing and bending forces.

Compressed air energy can be used to perform technological operations of sheet stamping if the condition for the process
force of no more than 5 tf is satisfied. The developed equipment uses a standard pneumatic cylinder as a power unit.

The designed stamp is structurally similar to traditional single-action stamps for sheet stamping.

Based on the results of the work, a press with an effort of 5 tf and a stamp for the production of a sheet part were made.
The developed equipment (press) has structural, technical and economic advantages over existing types of forging and
stamping equipment. Technical proposals were formulated for the use of stamping equipment of atypical design to produce
parts from sheet blanks.

Keywords: press; stamp; blanking; piercing; bending; die; punch; clearance; workpiece; part.

Fig.: 9. References: 13.
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UTSL BATOTOBJICHHS JICTANICH JICTOBUM INTAMITYBaHHAM. Texuiuni nayku ma mexuonozii. 2024. Ne 2(36). C. 50-58.
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NEPCIHIEKTUBU 3ACTOCYBAHHS CBEPAEJI I3 AIMCKPETHO
MOAUPIKOBAHUMHU POBOYUMU ITOBEPXHAMM JJIS1 3ABE3IIEYEHHSA
AKOCTI OTBOPIB Y JETAJISAX I3 BOJTOKHUCTHUX ITOJIIMEPHUX
KOMIO3UIIMHUX MATEPIAJIIB

Tumanns suxopucmanus pizanbHo20 THCMPYMeHmY 3 MOOUDIKOBAHUMU POOOUUMU NOGEPXHAMU Y GUSTAOI OUCKDEMHUX
OLIAHOK 07151 06POOKU demanell i3 B0JIOKHUCTUX ROTIMePHUX Komnosuyitinux mamepianie (BIIKM) na cb0200mi HedocmamHbo
susuene. OOHUM 3 OCHOBHUX NApAMempis, W0 GNIUSAE HA sKicMb 00pobrenoi nogepxui demani 3 BIIKM sensemvcs memne-
pamypa, wo 6UHUKAE 8 30HI PI3anHsL. 3a OaHUMU HAYKOBUX 00CTIONCeHb OOHUM 31 WISXI6 NIOGUYeHHSL AKOCME 00POOKU DI3AHHAM
€ 3MEHWEeHHsL 4acy KOHMAKMY pi3anbHol Kpomku 3 006pobniosanum mamepiarom BIIKM. 3anpononosana 6 po6omi konyenyis,
WO Npu 6UKOPUCMAHHI PI3ATIbHO2O THCMPYMEHMY 3 MOOUPDIKOBAHUMU POOOUUM NOBEPXHAMU Y GUSISIOL OUCKPEMHUX OLISHOK 3
PE2VIAPHO POZMAULOBAHUMU HA HUX 2106YIAMU, WO GISI0Mb CODO0I0 PI3AIbHI eleMenmu, 3a paxyHoK OucKkpemusayii po6oyoi
NOGEPXHI Npoyec AGIAEMbCsl NEPEPUBHACINUM PI3AHHIM, MOOMO 4aC KOHMAKMY pi3anibHoi Kpomku 3 nosepxreio BIIKM 3men-
WYEMBCSA, WO 8 CB0I0 Uepey 003601A€ NIOGUWUMU AKICIb 00po6IeHol nosepxui 6upoby. [Ins niomeepocenus yici einomesu
NnpoBeo0eHo 8ION0GIOHI eKCnepUMenm, pe3yibmamu aKuxX NOKA3aau 3MEeHWEHH S MOSWUHU 0eeKmHO20 wapy 6 NOPIGHAHI 3
PEKOMEHO0BAHUM 011 GUKOPUCIAHHSL IHCIPYMEHMOM.

Knrwuosi cnosa: npoyec pizanns, 6010KHUCHI noaimepHi komnosumui mamepianu (BIIKM),; nokpumms ouckpemuoi
CMpPYKmMypu, AKiCnmos NOBepXHi, OeexmHuuii uap.

Puc.: 4. bi6n.: 9.

AKTyaJBHICTh TeMH J0cCTiTKkeHHs1. OTHUM 3 OCHOBHHX CIIOXKHBadiB jgeraieit i3 BIIKM
€ aBiakOCMIYHa rajy3b, aBTOMOO1IeOyIyBaHHs Ta MamHOOyyBaHHs [1; 2]. OqHak oxHUM 3i
CTPUMYIOUHX (PaKTOPOM OUIBII MIMPOKOTO BIpoBaakeHHs BUpoOiB 3 BIIKM e ixHs Bucoka Ba-
PTiCTh, HE TEXHOJIOTIYHI Y BUTOTOBJIEH], OCKUIBKH ITPHU MeXaHiuHii 006pobui neraneit i3 BIIKM
CTHKAIOTHCS 3 TAKUMH MTPOOIeMaMu:

1. CkyaiHICTh OTPUMaHHSI BUCOKOI SIKOCTI 00pOOIIOBaHUX MOBEPXOHb (HEO0OX1AHOT IIopC-
TKOCT1, TOYHOCTI, BIJICYTHICTh CKOJIIB, BOPCHCTOCTI TOIIIO 32 PaXyHOK aHI30TPOIIii BIaCTHBOC-
Tell Marepiary, HU3bKUM aJIre31iHUM 3B'SI3KOM MIX apMyIOUUM MaTepialoM Ta MaTpULEIO.

2. Huzbkoto teronposianicTio BIIKM, y pe3ynbrari 4oro Bi10yBa€eThCsl MaIuil B1JIB1JI Te-
IUIa 13 30HU Pi3aHHA.

3. InTeHcuBHE abpa3uBHE 3HOIIEHHS PI3AJILHOTO IHCTPYMEHTY 3a PaXyHOK BIUIUBY TBEP-
noro HanoBHioBaua BITKM.

4. Hu3bka NpoyKTUBHICTh MPOLIECY Yepe3 HU3bKI IMIBUAKOCTI pi3aHHS.

5. [Ipy>xHe BitHOBIEHHS (ycaka) (OPMOYTBOPEHHX ITOBEPXOHB MOTIMEPHUX KOMIO3HIIIH-
HUX MaTepiajiB 3HUKY€E TOUHICTb OOPOOKH.

6. Buninenns qpiOHOIUCHIEPCHUX JTETKUX TOKCHYHUX yacTHHOK [TKM min gac o6poOku.

[TinBuIIEHHS SIKOCTI Ta TOYHOCTI 00pobIeHNX nmoBepxoHb BUpoOiB 3 BIIKM e ognum i3
NPIOPUTETHUX 3aBJaHb Y MAaIIMHOOY/IBHI, aBIaKOCMIUHIHM Ta IHIINX rary3sX IPOMHUCIOBOCTI.

ITocTanoBka npodsaemu. Jlo o0po6ku pizanusaM BIIKM, sik 70 TEXHOIOT1YHOTO MpoLecy
CTaBIATHCSI BUMOTH L0710 3a0€3MeUeHHs SKOCTI OTPUMaHUX MOBEPXOHB, MPOAYKTUBHICTD TeX-
HOJIOT1YHOTO MPOIIECY, EKOHOMIUHICTh. OTHUM 13 HANOUIBII BAXKIIMBUM JIJIs1 aBiaOyIiBHOI MPo-
MUCIIOBOCTI € IOKa3HUK SIKOCTI OTprMaHoi moBepxHi y BupoOax 3 BIIKM, ockinbku gedextu
MOBEPXHI HEraTMBHO BIUIMBAIOTh HA EKCIUTyaTalliiHI MOKAa3HUKU i JOBTOBIYHICTH BUPOOY.
[Ipore BaxIMBHMM 3aBAAaHHSAM € IIJBUIIEHHS SKOCTI 00poOIEeHOT MOBEpPXHI 31 30€peKEHHAM
MPOAYKTUBHOCTI IPOLIECY.

© O. [1. ITerpos, €. B. KopoyT, 2024
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AHaJti3 ocTaHHIX J0CaiI:KeHb Ta My0Jikaniii. Ha ceoroqHi mpoBonuThest 6arato q0cCii-
JOKCHb 3 BUBUCHHS YMOB 3a0€3MEUYCHHIO SIKOCTI Tmporiecy o0pooku BITKM pizannsm. bararo
POOIT IPUCBAYEHO BUBYCHHIO MEXaHIKU PYHHYBaHHS, MIKpO- Ta MaKpOPYHHYBaHHIO BOJIOKHHU-
CTHX MOJIMEPHUX KOMITO3UIIHHIX MarepiaiiB [2].

JlociKeHHST TIPOBOAATHCS 3 PO3POOKH HOBHX BHJIIB OOPOOKH pi3aHHSIM, TaKuUM SIK, Ha-
MPUKIIAJ, T1IPOPI3aHHA Ta YABTPa3BYKOBOIO pi3aHHs [3], 3aCTOCYBaHHS HOBUX MPOTPECUBHUX
CXEeM pi3aHHs — 13 3aCTOCYBaHHIM PEBEPCUBHOTO pyXy [4], AOCTIIKEHHIO Ta pO3POOKHU HOBUX
KOHCTPYKIIIM Ta T€OMETpii pi3aJibHOTO IHCTPYMEHTY [5], BU3HAYCHHIO ONTHUMAILHUX PEKUMIB
00poOKH [6], HOBUX IHCTPYMEHTAJIILHUX MaTepialiB Ta MOKPUTTIB HA PI3AJIbHUN 1HCTPYMEHT
st 00poOku BITKM [7]. OcTanHiM 4acoM BENHMKY YBary MpUIISIOTh HAIIBUIKICHOMY pi-
3aHHIO [8] Ta BiOpariiiHoMy pizaHHto [9], 10 3HAYHOIO MiPOIO MiABUIIYIOTH SIKICTh OTPUMAHHUX
BUpo6iB 13 BIIKM 6e3 Brpartu npoayKTUBHOCTI 0OPOOKH.

Agne y 61pII0CTI BUMA/IKIB 3 TABUIIEHHSAM SKOCTi 00poOku Bupo6iB 3 BIIKM 3umxkyeThCs
MPOAYKTUBHICTh, 4 3aCTOCYBaHHSI alIbTEPHATUBHHUX METO/IiB 00pOOKHU MOTpeOy€e BUKOPUCTAHHS
OUTBIIIOTO 32 BaPTICTIO 00JaTHAHHS, JOTIOMKHHUX IPUCTOCYBaHb, 110, 3PEIITOI0, IPU3BEAC 10
301IbIIeHHS CO0IBapTOCTI BUPOOY.

BujgisieHHs1 He0CIiIPKeHNX YaCTHH 3arajibHol npodsjemu. Ha croromni 6araro moci-
JOKEHBb TIPOBOAATHCS 3 MOIIYKY HOBHX 32 CKIIAJIOM IOKPHTTIB, SIKi JO3BOJISTH MiJBUIIUTH 3HO-
COCTIMKICTh IHCTPYMEHTY It 00poOKu jaeraneii 3 BIIKM i 3aBIsku IbOMY ITiIBHIUTH IIparie-
3MaTHICTh Pi3aJIbHOTO THCTPYMEHTY — MIABUIIMTU MPOAYKTUBHICTH OOpPOOKU 0€3 3HUKECHHS
SIKOCTi OTpUMaHuX BUPOOiB. [IpoTe poOOTH MPOBOIMINCE 3 TIOKPUTTSAMHE CYLIJIBHOTO TUITY, J10-
CJII/DKEHHS 3 JMCKPETH3allisi TOBEPXHI MOKPHUTTIB Ta BIUIMBY Tomorpadii JaHUX AMCKPETHHX
MOKPUTTIB Ha SIKICTh 00po0ieHoi nmoBepxHi aetaneit 3 BIIKM ne npoBoauiuce i motpedyroTh
MOJANbBIINX JIOCHIIKEHb.

SIKiCTh MOBEPXHEBOTO MIAPY — BAKJIMBA EKCILTyaTalliifHa XapaKTepPUCTHKA, [0 BIUIMBAE HA
SKICTh CIPSKEHUX [TOBEPXOHb, IXHIO T€PMETHYHICTh, JOBFOBIYHICTh Ta 1HIIE.

Tak, nmocnimkeHHs [2] mokaszanu, 1o 3MiHa TOBIIUHU Je(hEeKTHOTO IIapy BITUBAE Ha ¢i-
3UKO-MEXaHIYH1 BIACTUBOCTI JIETall, Taki K MIIHICTh, TBEPAICTh, CTIHKICTh 10 BOJIOTOIOIIIH-
HaHHS, JI€JIEKTPUYHI BIACTUBOCTI Ta 1HIIII.

JlocikeHHs oKa3aiy, 1o 31 30UIbleHHsaM mMOuHM edextHoro mapy BIIKM Bix 50
70 350 MKM 3HHMXKY€ThCS CTaTMYHA MIIHICTh Ha po3Tar B 1,5 pa3za. A Ha ctuck y 1,25 pa3sa,
TOOTO AJ1s1 30€peKEeHHsI MIITHOCTI KOMITO3UTAa MiCis MEXaH1uHOI 00poOKH HEoOX1HO 3abe3re-
YUTHU TaKi yMOBH pi3aHHs, IPH SIKUX TNIMOMHA e(heKTHOTO 1mapy Oyae MiHIMalbHa.

Meska MIIIHOCTI Ha BUTHH Ta 3CYB TaKOX MAalOTh TEHJEHIIII0O HAa 3MEHIIEHHS Mpu 301b-
[IEHH1 TOBIIMHU J1€(DEKTHOTO 1Iapy, 110 MPOSIBISETHCS HAsIBHICTIO KOHIEHTPATOP1B HANIPYKEHb
Ha TpaHuIl JedeKTHOro mapy Ta marepiany kKommno3uTa. JocmimkeHHs MoKa3aiu, 10 3MEH-
IIEHHS MIIIHOCTI Ha BUTMH NPOSIBISETCS IPU TOBIIMHI AedekTHoro mapy Big 50-350 Mxm. 3i
30UIBIIEHHSM TOBIIMHU AE(PEKTHOTO IIapy 3MEHIIY€EThCS MEXa BUTPUBAIOCTI.

TakuMm 9MHOM, MOXHA 3pOOWUTH BHCHOBOK, IO 31 30UIBIIEHHSM TOBIIMHU JE(HEKTHOTO
[1apy 3HIKYEThCS CTaTHYHA, Y/IapHa Ta BToOMHA MilHIcTh BITKM.

IMocranoBka 3agaui. J[ns 3a0e3medeHHs] eKCIUTyaTallliHUX XapaKTEPUCTUK BUPOOY 3
BIIKM HeoOXiAHO CTBOPUTH TaKi YMOBH pi3aHHS, P SKUX TOBLIMHA J1e(DEKTHOTO mmapy Oyia
6 MiHIMaJIbHA MPH HOTro 00pOOIIi.

BukJaa ocHoBHoro marepiaJy. 11{o0 miaTBepauTy rinoresy, o Npy BUKOPUCTaHHI pi3a-
JIBHOTO 1HCTPYMEHTY 3 MOAM(IKOBAHUMHU pOOOUNM MOBEPXHSAMHU y BUIVISAL AUCKPETHUX ALISA-
HOK 13 PETyJspHO PO3TAIIOBAHUMH Ha HUX IOOYyIaMu 3a paXyHOK JUCKpeTu3allii pododoi mo-
BEpXHI MpOLEC € MEepPepUBUACTUM pi3aHHAM, TOOTO Yac KOHTAKTy pi3ajbHOI KPOMKH 3
noBepxHero BITKM 3MeHIyeThCest, 110 CBOEKO YEPTOTO T03BOJISIE TTIIBUIIATH SIKICTh 00p00IeHOT
MOBEepXH1 BUPOOy Ta BUSHAYUTH MOKJIMBICTH BUKOPUCTAHHS JIaHOTO 1HCTPYMEHTY IPOBEICHO
BiJIMOBIIHI €KCTIEPUMEHTANIbHI JJOCI1KEHHS.

60



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 2(36), 2024
TECHNICAL SCIENCES AND TECHNOLOGIES

Jlns BU3HAYEHHS 3aJI€KHOCTEH BIUTMBY (PaKTOPY apXiTEKTypH AUCKPETHOTO MTOKPUTTS IJI0-
OyJIsIpHOT CTPYKTYpH HAaHECEHOTO Ha po00Yl MOBEPXHI IHCTPYMEHTY Ha BEIMYUHY JE(PEKTHOTO
mapy oopobneroro Bupody 3 BIIKM Oyno nmpoBefeHO eKCliepuMEHTAIbHI TOCTIKEeHHSI, SKi
CKJIaJJAJIUCH 13 IIECTH €KCIEPUMEHTIB. Y JOCTIDKEHHSAX BUKOPHCTOBYBAJIMCH cBepia 3i [1IP
ctam P6MS DIN EN 17350 (ISO 4957) @8 MM 3 MoaudikOBaHO POOOYMMH ITOBEPXHIMH I10-
kputTsiM TiCrB2+AIN y BUDISiAI TUCKPETHUX AUISHOK 3 PETYJISPHO PO3TAIIOBAHMMHU Ha HUX
100yJIaMH TOBIIMHOIO h = 3 MKM, KOHCTPYKIIisl IKHX IIpeCTaBIeHa Ha pUC. 1 Ta peKOMeH 10-

BaHi, 3a JIJAHKUMH JIiTepaTypHUX Jpkepen ceepyia Guhring 732, poboue KpecleHHsl SIKOTO Mpe/l-
CTaBJICHO Ha puC. 2.

Puc. 1. Ceepono esunmoge 3 HaneceHUM HA 1020 NOBEPXHI OUCKPEMHUM NOKPUMMAM
2nobynaprnoco muny, eucoma nokpumms h = 3 mxm, r = 0,25 mm, a= 2,5 mxm

M
E d 8h7

2¢ 118
dit 8h11
0] 27
L 117
/ 66
k 2.06
Y 8
a 8.12
17} 45..55

Puc. 2. Poboue kpecnenns ceepono Guhring 732
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Pexxumu pizaHHs npencTaBiieHi B Ta0. 1.

Tabnuys 1 — Pexxcumu ceéeponinms ckronaacmuky mapku CTED-Y

No 3/mt V, M/cex S, MM/00 h, MkM
1. 03 0,4 3

Excnepument npoBoauBcst Ha BepcTati 1K62.
Pe3ynbratn ekciepuMeHTIB TIpeacTaBiIeH] Ha puc. 3 Ta 4.
Measurement

[] Show Results On Image
Length v | 382.6016 Micron

[T1ByKeys

S.No. Description Result Calibration (Micron / Pixel)
L Length 360.5187 Micron X: 100.000000/33 Y: 100
L2 Length 382.1287 Micron %:100.000000/39 Y: 100
L3 Length 382.6016 Micron X:100.000000/33 Y: 100
< >

Calibration Name : 50X

Scale Mode : Micron

Along X-axis : X: 100.000000/33 Micron /Pixel

Along Y- axis : 'Y: 100.000000/33 Micton /Pixel

Please select the "Color Palette™ option from the
"Annotation" menu to change the color of the measurements.

Delete Report To Excel Undo All Exit

Puc. 3. Toswuna deqbekmnoeo wapy npu 06pobyi BITIKM ceeponamu Guhring 732

,’:l\\.-. wat

Puc. 4. Toswuna oeghexmnoco wapy npu 06podyi BIIKM ceeporamu
3 OUCKPEMHUM NOKPUMMAM 2100VIAPHOT CIMPYKMYpU
npu h = 3 mxm, L1 =108,2 mxm, L2 = 118,5 mxm, L3 = 130,0 mxm

3rigHo 3 puc. 3 Ta 4 MOXKHA 3pOOUTH BUCHOBOK, 1110 MPH OJHAKOBUX PEXHUMAaX pi3aHHs Ta
reoMEeTpUYHUX MapaMeTpiB CBep/es BeIHurHa J1e(heKTHOro mapy ~3 pa3u MEHIIa y cBepraes
13 MOIM (D iKOBaHUMH POOOUUMH TOBEPXHAMH AUCKPETHUM MOKPUTTSIM TIIOOYIISPHOT CTPYKTYPH.
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Bennuunna 3nadenns neekTHOro mapy sk ajs ceepaen tumy Guhring 732, Tak i s cBe-
pAeI 13 TUCKPETHUM MOKPUTTSAM BiAPI3HAETHCS IO TIOBEPXHI JI€Tai, 11e MOXKHA TIOSICHUTH Pi3-
HUIICIO BEJIMYMHH CUJIM Pi3aHHS B IIEHTPI Ta Ha nepudepii pizaabHUX KPOMOK cBepia. OTpu-
MaHi 3Ha4EeHHS KOPEIOIThCS 3 TOCIIKSHHIMHU 1HIIUX aBTOpiB [1].

BucHoBku. J[aHi ekCriepUMEHTaIbHUX JOCIIIKEHb TTOKa3yI0Th, 10 BUKOPUCTAHHS pi3a-
JBHOTO IHCTPYMEHTY 3 MOJAM(IKOBAaHOIO POOOYOIO MOBEPXHEIO Y BUMIISII AUCKPETHUX NIISTHOK
3 PEryisipHO PO3TANIOBAaHMMHU Ha HUX IIOOyJaMH O3BOJISIFOTH 3MEHIIUTH TOBIIUHY JIE(PEKT-
Horo mapy y 2,9-3,3 pa3a nmopiBHsSHO 3 BAKOPUCTAHHSM PEKOMEHIOBaHUM 3 JIITEPATypHUX JIKE-
pel IHCTPYMEHTOM.

MexaHi3M BIUIMBY YMOB Pi3aHHS Ta apXiTEKTypH IHCTPYMEHTa 3 MOAK(IKOBAHOIO POOOYOIO
MOBEPXHEIO Y BUIVISII JUCKPETHHUX JUITHOK 13 PEryJsipHO pO3TAlIOBAHUMH HA HUX TJI00yIaMu
notpelye MoJaNIbIIOr0 BUBYCHHS Ta TOCIIKCHHS.
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PROSPECTS FOR THE APPLICATION OF DRILLS WITH DISCRETELY
MODIFIED WORKING SURFACES TO ENSURE THE QUALITY OF HOLES
IN PARTS MADE OF FIBER POLYMER COMPOSITE MATERIALS

The issue of using a cutting tool with modified working surfaces in the form of discrete areas for processing parts made
of fiber polymer composite materials (FPCM) has not been studied enough to date.

One of the main parameters that affects the quality of the machined surface of the FPCM part is the temperature that
occurs in the cutting zone.

According to scientific research, one of the ways to improve the quality of cutting is to reduce the contact time of the
cutting edge with the FPCM material being processed.

The concept proposed in the work is that when using a cutting tool with modified working surfaces in the form of discrete
areas with regularly located globules on them, which are cutting elements, due to the discretization of the working surface, the
process becomes intermittent cutting, i.e. the contact time of the cutting edge with the surface of FPCM is reduced, which, in
turn, allows to improve the quality of the processed surface of the product.

To confirm this hypothesis, a number of experiments were conducted, the results of which showed a decrease in the
thickness of the defective layer compared to the recommended tool.

Keywords: cutting process; fiber polymer composite materials (FPCM); discrete structure coverage, surface quality,
defective layer.

Fig.: 4. References: 9.
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AHAJII3 BILTUBY HIBUJIKOCTI PIBAHHS HA TEMIIEPATYPY 1 CUJIN
PIBAHHS ITPU TOYIHHI 3ATOTOBOK I3 TUTAHOBOI'O CIIJIABY TI-6AL-4V

Yepes iocymuicmov pekomeHoayii w000 006pobienHs 3a20Mo80K OMPUMaHux memooom xBeam 3D metal printing doc-
J0dHceHo ocobaugocmi mouinns mumanogoeo cnaagy TI-6AL-4V, a came ennugy 30inbuieHHst WEUOKOCMI PI3AHHS HA CULY Di-
3aHHs, meMnepamypy iHCmpyMeHmd, JOKAI3ayilo HanpylceHb HA Pi3anibHiti KpOMYI IHCIMPYMEHMA ma YMEOPEeHHs CIMPYICKU
nio yac pi3ants i3 GUKOPUCIIAHHAM NIACMUHU I3 KapOiO-601bhpamy i3 3acmocy8antim npoepamuoco cepedosuwia Third Wave
AdvantEdge. Iloxaszano, wo 3i 36inbueHHAM WEUOKOCMI PI3aHHs 3DOCIMAE MeMNepamypa pizauhs, Cuid pi3anHs 3a1Uudemscs
CManoio no citl 008AHCUHI 0OPOOIEHHS, WO NIOMBEPOACYE eheKm MEPMIUHO20 PO3M SKULeHHS NO8epXHI 3a2omosku. Hasedeno
epaghixu 3anexcHocmi memnepamypu il CUi Pi3auHs 610 008XHCUHU 0OPOONIEHHA NI0 BNAUBOM WBUOKOCTI PI3aHHA, icypu 10Ka-
J3ayii memnepamyp ma HAnpyx*ceHvb Ha 8iCMpi piscyuoeo IHCmpymenma ma Qopma ymeopeHoi CmpyxcKu.

Knrouosi cnoea: mouinna mumanosux cniagie; pexcumu PisanHs; 6UMIPIOSAHHS WEUOKOCHI ma meMnepamypu pi3anHs,
CUNA Pi3anHa,; CMPYACKOYMBOPEHHS.

Puc.: 6. Tabn.: 1. bién.: 9.

AKTyaJIbHiCTh TeMH J0caifzkeHHs1. CbOroiHI CydacHa MalIMHOOY/IiBHA Taly3b PO3BHUBa-
€THCS MIBUAKAUMHU TeMIamMu. HampsiMoK po3BUTKY BHU3HAYAETHCS 3aBAAHHIM OTPUMaHHS BHCO-
KOSIKICHUX KOMITOHEHTIB IPH MiHIMalbHii cO0iBapTOCTi, MiHIMaNBHIN MaTepiaJOMiCTKOCTI Ta
MaKCHMAaJIbHIN TPOIYKTUBHOCTI. PO3p0o0Ka TaKuX TEXHOJIOTIYHHX MPOIECIB MOB'I3aHa 3 Bi/IIO-
BIJTHUM BHOOPOM 1 CTBOPEHHSM OUIbII JJOCKOHAJIOI0 TEXHOJIOTTYHOrO 0013 JHaHHA, MeXaHi3a-
III€I0 Ta AaBTOMATU3aLlI€}0 BUPOOHUIITBA, TEXHIKO-EKOHOMIYHUMHU OOIPYHTYBAHHSIMH Ta MPOEK-
THO-KOHCTPYKTOPCHKUMU poboTamiu. [Tpu 11boMy 3aBiaHHS MOJIATae B TOMY, 11100 MiHIMi3yBaTu
yac, HeoOX1JHUH JIJIsl TOOYAOBH Ta BIPOBA/KEHHS TEXHOJIOTTYHUX IMPOLIECIB, 1 TAKUM YHHOM
MPUCKOPUTH BUKOPHUCTAHHS HOBOTO OOJIaJJHAHHS Ha eTari BUPOOHUITBA NpoxyKuii. OqHUM 13
TaKMX MPOTPECUBHUX METOIIB, € aAUTHBHE BUPOOHUIITBO, a caMme TexHoJoris xBeam 3D metal
printing, sika J103BOJIsIE OTPUMYBATH 3arOTOBKM MaKCUMAaJIbHO HAOJIKEH1 10 TOTOBOT AeTai 13
BUKOPHCTAaHHSAM TUTAHOBOTO IPOTY Ta CIUIABIB HA HOTO OCHOBI, SIK1 MalOTh CIIPUATIMBI (i3UKO-
MeXaHIYH1 XapaKTepUCTHKH JJIsl eKCIUTyaTallli 3aroTOBOK Ta JieTajlei B yMOBax 3HaYHOIO HaBa-
HTaXeHHs. Bucoka MIIHICTh Ta KOpO3iHA CTIMKICTh, MaTUi KOE(DIIIEHT TETUIOBOTO PO3IIH-
PEHHSI, HU3bKa T'YCTHHA Ta BHCOKA MTUTOMA MII[HICTh TUTAHOBUX CILUIABIB, JO3BOJISIOTH 3HAYHO
IPOJIOBXKHUTH TEPMiH CITy>KOU JeTai, MiABUIIUTH i HaJIHICTh Ta YHUKATH CEPHO3HOTIO 3HOCY
BCIX CKJIaJIOBHX TOTOBOT0O BUpoOy. OfiHaK pa3oM 13 BUCOKMMH Ta CIPUATINBUMH (Pi3UKO-MeXa-
HIYHUMH BJIACTUBOCTSMH, TUTAHOBI CIIJIABH MAalOTh NI€BHI HETaTHBHI XapaKTEPUCTUKH, K1 00y-
MOBIIIOIOTH TEXHOJIOTTUHI TPoOJIeMU 00pOOIEHHS 3ar0TOBOK p13aHHSM, 110 BIAKPUBA€E HOBI BU-
KUMKW U9 1HXXEeHepiB-TexHoJoTiB. Cepesl SKUX, PO3POOJICHHS METOIB Ta CTpaTerii ais
e(heKTUBHOTO OOPOOJICHHS aTUTHBHUX 3arOTOBOK 13 TATAHOBHUX CILJIABIB HA OCHOB1 BapiFOBaHHS
CKJIaJIOBHUX PEKUMY pi3aHHs. AJDKe Oy/Ib-sKa 3ar0TOBKA OTPUMAaHa 3a TEXHOJIOTI€I0 aJMTUBHOTO
BUPOOHHUIITBA MOTpeOye KiHLIEBOTO OOpOOIEHHS, OCKIIBKM MOBEPXHs JeTasli abo 3aroTOBKU
MOX€ HE 3aJI0BOJIBHATH KOHCTPYKTOPCHKI BUMOTH Ha KPECJICHHI.

IHocTranoBka npodsemu. TokapHe 00poOIEHHS TUTAHY € HaJ3BUYaifHO CKJIQJIHUM IIPOLIECOM
yepe3 (Pi3MKo-MeXaHIYHI BIaCTUBOCTI Marepiany. [IpobGnemarika BUHMKAE MPH MPOLECt pi3aHHs
3ar0TOBOK 13 METAJIEBOTO JIPOTY, OTPUMAHUX aJUTUBHUM METOJOM, OCKUIbKH (Di3MKO-MEXaHIuHi
BJIACTUBOCTI 3arOTOBKH HaJIpyKOoBaHO!I Ha 3D mpuHTepi, MOXe 3HaUHO BIJPI3HATHCS BiJ 3BUYaii-
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HOI'0 TUTAHOBOTI'O CILIaBY, OTKE MPOLEC Pi3aHHs, AKUH XapaKTepU3yeThCsl BACOKUMH TEMIIEpary-
paMU pi3aHHS Ta TUCKY B 30HI KOHTaKTy IHCTPYMEHTA 1 3arOTOBKH, OOYMOBIIIOE 3HOILICHHS PIXKY-
YOro IHCTPYMEHTA, SIK HACHIJJOK BTpara FreOMETPUYHUX MapaMeTpiB PiKyUol INIACTUHHU, 3pOCTAHHS
CHJIM Pi3aHHS 1 TEMIEPATypH B 30H1 KOHTAKTY, 1110 TAKOX MOXKe OyTH JKEpPEIoM YTBOPEHHs BiOpa-
1ii. Y CBOIO 4epry, 1€ MPU3BOIUTD JI0 3HUKESHHS MPOAYKTUBHOCTI 0OpOOKH Ta MOTIPIICHHS SKOCTI
noBepxHi. Marepiai i hopma IIIaCTUHU, TEOMETPIsl pIKYUJOro IHCTPYMEHTY 1 cepeIoBHUIIE 00OPOOKH
MaroTh 3HaUHUI BIUIMB HA NPOAYKTUBHICTh. OJIHAK, yepe3 0OMexXeHHs (PyHIaMEHTaIbHUX 3HAHb
npu 0OpoOJICHH] 3ar0TOBOK OTPHMAaHUX aIUTUBHUMH TEXHOJIOTISIMH, ICHY€ 3HaUYHa MOCTIHHA MOT-
peba, y ToMy, o0 AeTai miaBaiucs mofajibliii MexanianoMy oopobienHi. Tomy momryk crpa-
TET1i ISl 3arOTOBOK OTPUMAHHX 32 JIOTIOMOTOI0 aJJATUBHUX TEXHOJIOTIH Ta BU3HAYEHHS ONTHMA-
JHHUX 3HAYEHb CKIIQJ0BUX PEXKHUMIB Pi3aHHS, IBUAKOCTI Pi3aHHsI, NIMOMHH, IIBUIKOCTI MTOadvi, a
TaKOX BU3HAUCHHS €()eKTUBHOIO PI)KYUYOro IHCTPYMEHTY, HOro KOHCTPYKLii, FEOMETPUYHUX Napa-
METpIB pi3aJIbHOI YACTUHHU 1HCTPYMEHTY, (hopMu 00pOOITIOBAHOT IITACTUHH Ta JOAATKOBUX CKIIAI0-
BUX, Y BUIVISII OXOJIO/KYBAJIbHOI PIAMHM, @ TAaKOXX YMOBU OOpOOJICHHS, T03BOJATH c(HOpMyBaTh
ONITHMAJIBHY CTPATETiI0 IS €(heKTUBHOTO 0OPOOIICHHS TOBEPXOHH BUPOOIB JIs BiAMIOBIAHOCTI TO-
YHOCTI pO3MipaM 1 HIOPCTKOCTI MOBEPXHI, HEOOX1IH1H /ISl €TaJIOHHOTO BUPOOY.

AHaJi3 ocTaHHIX Jocaigkens i myOaikauniii. OctaHHi TOCTiIKeHH Y chepi MEXaHIYHOTO
00pOOJICHHS! TATAHOBOTO JPOTY Ta CIUIaBIB Ha HOT0 OCHOBI MPUCBSYECHA MEPEBAKHO 0OPOOIICHHIO
TUTaHOBOMY cIutaBy Ti6Al4V, a came BIUIMBY yMOB pi3aHHS Ha SKICTh 0OpOOIEHOT OBEPXHi, CHIIN
pi3anHs, BiOparii B cucTeMi, 3HOC Ta CTIHKICTh Pi3aJIbHOTO IHCTPYMEHTY Ta OOJaIHaHHS, TAKOXK
JOCTIIKYIOThCSI OCHOBHI MpoOJieMH NP 0OpOOJIeHHI THTAHOBUX CILIABIB, IO YCKJIATHIOE iX Me-
XaHi4He 00poOJIeHHs, a00 YOro CIIil YHUKATH TpH Tporeci pizaHaa. HaBonsaTeest reomeTpis iH-
CTPYMEHTIB, a TAKOX OIUCYETHCSI BIUIUB IHCTPYMEHTY Ha pe3ysIbTaTi 00poOIeHHS.

ABtopu pobutu [1] gociianiam BUKOPUCTaHHS IBOX PI3HUX IHCTPYMEHTAIBHUX TUTACTHH 3
OJTHAKOBMMM YMOBaMH €KCIUTyaTallii, a caMe BIUIUB CTUCKAIOUMX HAIPy>KeHb Ha 3aT0OTOBKY, L0~
PCTKICTh TOBEPXHi, TBEPAICTb Ta YTBOPEHHSI CTPYKKU. 3pa3oKk 00poOIeHHH IIaCTUHOO 13 TIO0-
KPHUTTSM, Ma€ BUILI CTUCKAIOU1 HAIIPY>KEHHsI, KPaIlly HIOPCTKICTh MOBEPXHi, a TAKOXK Ma€ OLIbII
cTabipHUM nporiec Aedopmallii CTPYKKH, HIXK 3pa30K 00pOOJICHHI MIJIAaCTUHOIO 0€3 MOKPUTTS.
TBepaicTh 3pa3KiB HE NOKa3aja 3HAYHUX KOJIUBAHb.

ABTropamu po6otu [2] Oysi0 BUBYEHO MEXaH13M 3HOIIIYBaHHS IHCTPYMEHTY ITpU 00pOOIIeHH1
crutaBiB Ti555.3 ta Ti6Al4V. [IpoananizoBaHo 3MiHHI PEXKUMY Pi3aHHS, Taki sSIK CHJIM Pi3aHHS,
TEOMETPIs CTPYXKKH Ta 3HOC PLKYUOTO 1HCTpyMEHTA. BCTaHOBIEHO KOPEIALII0 MK MEXaH14-
HUMH BJIACTHBOCTSIMHM Marepiaiy, 3HOCOM IHCTPYMEHTa Ta LIBUJAKOCTAMHU pizaHHs. Jloci-
JUKEHO, 1110 MpH TowiHHS cruiaBy Ti6Al4V yTBoproeThesl 3aXMCHUM HIap 13 HAJIMILIOTO Marepi-
aiy, a po3Mip Liapy 3MEHUIYEeTbCs 31 30UIbIIEHHAM CHIIM pi3aHHs. [Ipy BujageHHI HaJIUIIIOrO
mapy 13 30HM pi3aHHs, 3HOC THCTPYMEHTY Pi3KO 3pPOCTaE.

VY nocnaimxenHs [3] po3mIsHYTO 3arajbHi IpoOieMu Ta TPYAHOLI Ipu 0OpoOIeHHI TUTa-
HoBoro cmiaBy Ti6Al4V ELI byna BUCBIT/IEHa 3aKOHOMIPHICTh MK PEKMMaMH p13aHHA Ta pe-
3yabTaTOM 00pOOJIeHHS. BusBieHo, 1110 BUCOKI Jiala30HU TeMIepaTypu pi3aHHs MPU3BOAATH
J10 TIOTipiIeHHSI 00pOOJIEHHS Ta MOTIPIIEHHS IKOCTI TOBEPXHI, 710 3HMXKEHHS TOYHOCTI pO3MIipiB
1 TepMiHY CIIy>kOH pixkydoro iHcTpyMeHTa. KpiM Toro, 611111 BUCOKA TEMIIepaTypa MPUCKOPIOE
e(deKTH po3M'AKIIEeHHs 00pOOKHU i BUKJIMKA€E 3MIHU B MIKPOCTPYKTYpi 00pOOJI€HOT MOBEPXHI.
[Togaua pizanHs Oyina JOMiHYIOUMM (AKTOPOM JUTS MIOPCTKOCTI oBepxHi. LIIBUAKICTh pizaHHS
€ JOMiHYIOUYUM (DaKTOPOM 3HOCY IHCTPYMEHTY. 3HOCOM 1HCTPYMEHTY MOYKHa KE€pyBaTH, 3aCTO-
COBYIOYH BiJIIIOBITHI YMOBHU OXOJIO/XKEHHS JJIs KpaIlol MPOAyKTUBHOCTI pizaHHs. Bucoka cuna
pi3aHHs, HEOOX1AHA AJIs pi3aHHs TBepaoro Marepiaty. [Ipu Bucokiii Temneparypi BiiOyBa€eThCs
PO3M'SKILIEHHS 0OpOOIIIOBAHOTO Marepiaiy, 10 3HIKY€E HOro MILHICTh Ha 3CYB, 110 MOJIETTITY€
00po0OKy, ajiie BogHOYAC 115 MM1/IBUILIEHA TEMIIEpaTypa TaKoXK MPUCKOPIOE 3HOC IHCTPYMEHTY 1, K
HACIII0K, MOTIpIIye SKICTh MOBEpXHi. BusiBiIeHO, 1110 BUCOKA MIBUJIKICTh Pi3aHHS 3 HU3BKOIO
MIBUIKICTIO TIO/Ia4l € HAWOUTBII CIPUATINBOIO KOMOIHAIIIEO /TSI CUJTU Pi3aHHA.
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ABTtopamu [4; 5] TakoX pO3IIITHYTO OCHOBHI MPo01eMu mpy 00poOIeHHI TUTAHOBUX CILIA-
BiB B 3araJbHOMY 3Hau€HHi. BUSBICHO, 1110 TUTAHOBI CIUIABH IiIAIOTHCS 3arapTyBaHHIO 13 Bi-
KOM, III0 BIUTMBA€E HA TBEPIICTb, KA PI3KO 3pOCTAE, M0 YCKIATHIOE 00pOOIIeHHs. 3amponoHO-
BaHE BUKOPHCTAHHS TBEPAOCIUIABHMX IHCTpYMEHTIB i3 mokpurtsm Al, Si, Ti, N, saxi
3a0€31euyIoTh BHIIY MPOAYKTHUBHICTD 1 JTOBIIMH TEPMiH CIY>KOW IIPH IIBUAKOCTI pi3aHHS 10
60 m/xB. JIJIg MIaCTUH 31 MIBUAKOPI3AJIBbHOI CTajll peKOMEHIYEThCSI BUKOPUCTOBYBATH HaJIBU-
COKI IIBUJIKOCTI Pi3aHHS, & TAKOX JUIsI HANTI1PIIIOTO MepEeprUBYACTOTO Pi3aHHS.

Po3pobnena crparerist aBropamu [5] 13 BUKOPHCTAHHSIM CKIHYCHHO-EJIEMEHTHOI IMITaIiiHOT
MOJIEII JJIsl TOCIIIKSHHS! BIUTUBY ITMOMHU pi3aHHsI 1 MIBUIAKOCTI Pi3aHHS TUTAHOBHX CIUIABIB, JI0-
3BOJIMJIO BUSIBUTH TIOBEJIHKY MK IHCTPyMEHTOM Ta 3aroToBKO0. JlOCHiKEeHHs MoKa3aio, o
HIBUJKICTb Pi3aHHS € HAMOUIBII BIUTMBOBUM IapaMeTpoM, 1110 BIUIUBAE HA PO3IOALT HAIPY>KEHb.
3011bIIeHHS] ITIMOWHY pi3aHHS MPU3BOIUTH J0 30UTBIICHHS CHIIM Pi3aHHS Yepe3 OUTbIIe 3HIMaHHS
Marepiany i TOBIIMHY CTPYXKH, IO MPU3BOAUTH J0 30UIBIIEHHS TUTONT KOHTAKTY. JloCIiKeHHs
IJIKPECITIOE CKIAAHY JUHAMIKY Tpoliecy 0OpoOKH, /e MIBUAKICTD Pi3aHHS 1 IMIMOMHA pi3aHHs Ma-
I0Th Pi3HHH, a 1HOMI 1 MPOTUJISKHUI BIUIMB Ha CHJIy pizaHHs. KpuBa HampyXeHb CTaOLTi3yeThCs
py OLIBII BUCOKUX MIBUIKOCTSIX Pi3aHH, 1110 BKa3ye Ha OLTbII nepeadadyBaHuii mpoiiec 00poOKH.
31 30UIbIICHHAM IIMOWHHU Pi3aHHS, a TAKOXK IIBUIKOCTI pi3aHHs, 30UTbIIYETHCS TEHICHIIS 10 Pyii-
HYBaHHS CTPY>KKH, 1110 CBOEIO YEPTok0 PYHHYE MOBEPXHIO PIXKYUYOro IHCTpyMEHTA Ta MOTIPIIIYE IO~
PCTKICTh MOBEPXHI. 3a3HAYAETHCS, 10 NPpH NMOWHI pizaHHsA B 0,2 MM, CyTTE€BO 3pocia CHia pi-
3aHHSA, TP TOMY, SKIIO 30UThIIyBaJach HIBHIKICTH Pi3aHHS, CWJIA DPi3aHHA 3MEHIIYBAjach.
BusiBneno, mo crabuteHrME mBUAKOCTsME pisanHs € 80 1 120 m/xB. Kputruni Touku B mporeci
pi3aHHs BUABJIEHI MPH MIBUAKOCTI pizaHHs y 40 M/xB Ta mmbuHi pizanas 0,05 Mm.

ABtopu [7] BUBUMIIM BIUIMB LIBUIKOCTI Pi3aHHS Ha CUIy pi3aHHA, TEMIEpaTypy, Hampy-
JKCHHS B IHCTPYMEHTI Ta GOpMy CTPYKKH. BusiBiIeHO, 1110 31 301IBIICHHSM IIBUIKOCTI pi3aHHS,
3pocTae Temreparypa pizaHHs, a TAKOX BUSBIEHO 30HH HMOBIPHICHOTO KpaTepHOro 3HoCy. Bu-
SBJIEHO CTaH IPU SIKOMY 31 30UIBLICHHSIM IIBUKOCTI Pi3aHHS, 3MEHIIIYETHCS CUJIa pi3aHHS, ye-
pe3 TepMidHe PO3M’SIKIICHHS MOBEPXHI 3aroTOBKH. JloCTiaKeHo, 10 31 3MEHIIEHHS CUITU Pi-
3aHHS, 3MEHIIYIOTBCS HaNpyXeHHs Ha piKydoMy IHCTpyMeHTi. CTpyXKa NHpU BHCOKHX
MIBUJIKOCTSIX Pi3aHHS BIAPUBAETHCSA, Y TOM Yac K MPH HU3BKUX YTBOPIOETHCS CYILUIbHA.

BuaijieHHs1 He0CTiIMKEHUX YACTHH 3arajJbHOI IPodJeMu. AHaI3 TOCIiKEHb ITOKA3aB,
10 Pe3yabTaTh JOCHIKEHb (OPMYIOTHCS Ha OCHOBI BapilOBaHHS CKJIAJOBHUMH PEXKUMY pi-
3aHHS, IIBUIKICTIO, TIO/Iau€I0 Ta TNIMOMHOIO Pi3aHHS, a TAKOXK TEOMETPUYHUMH MapaMeTpaMu
IHCTpYMEHTY Ta MatepiaioM pixkyudoi yacTuHH. OOpOoOIEHHS MPOBOAATHCS Sl TUTAHOBOTO
cruaBy Ti6Al4V Ta fioro Bapianiil. Peanizamnis eekTUBHOI cTparterii A1 TokapHOro 00po0-
JICHHSI, BCE I1I€ aKTyaJbHa 1 3HAUHOIO MIPOIO 3aJIeKUTh BiJ MOAAJIBLIOTO MOIIYKY €()EeKTUBHUX
YMOB pi3aHHs, 0COOJIHMBO IS 3aTOTOBOK OTPHMAHHUX 13 METAJIEBOTO JIPOTY i3 BUKOPUCTAHHSIM
AIUTUBHUX TEXHOJIOT1H, OCKUTbKHU (PI3MKO-MEXaHI1uHI BIACTHBOCTI Marepiaidy, MOXYTh 3HAYHO
BIJIPI3HSATHUCS ISl KOYKHOI OKPEMOi 3arOTOBKH.

MeTo10 cTaTTi € BU3HAYCHHS BIUIMBY IIBUAKOCTI pi3aHHS HA TEMIIeparypy B Mpoleci pi-
3aHHS, CUJIy pi3aHHs, XapaKTep YTBOPEHHS HalpyKeHb B IHCTPYMEHTI Ta XapaKkTep YTBOPEHHS
CTPY>KKH IIiJ] 4ac pi3aHHS 3aroTOBKM 13 TUTaHOBOTO ciijiaBy Ti6Al4V 13 BUKOpHUCTaHHSM TBEp-
JOCIIAaBHOT PIXKy4o1 MJIACTUHM 13 KapOiJ BoJIb(hpamy.

Bukiaa ocHoBHOro Marepiagy. TUTaHOBI CIIJIaBH JIy’Ke MOMYJSPHI B a€pPOKOCMIUHIH, aB-
TOMOO1IIbHIN, 000POHHIN Ta OlOMEIUYHIN ramy3sX 3aBASKU CBOIM BUCOKiN MUTOMIN MIIHOCTI,
JIeTKii Ba3i, 010CyMICHOCTI Ta KOpO3iiHi# cTiiikocTi. OtHaK BUPOOHUIITBO 3arOTOBOK Ha OCHOBI
TUTaHY € YK€ IOPOTHUM IMTOPIBHSHO 3 iHIIMMHU KOHCTPYKIIHHIMH METaJlaMH, TAKUMH SIK CTaJTb
1 aJTIOMIHIM, 1 TOB'sI3aHe 3 Ty’K€ BETUKHUMH BUTPATaMH 4acy.

Tomy Oynu po3po06IeHi MpoIeCcH aIUTUBHOTO BUPOOHUIITBA, IO JO3BOJISIFOTH BUTOTOBIISTH
MeTaJeBl eTall, sIKl BaXKKO MiIal0ThCS MEXaH14Hii 00poO1li, CKOPOUYIOUH TaKUM YHMHOM Yac
Ha I1JIFOTOBKY 1 BTPAaTH MaTepiajly, a TAaKOX 3HAYHO IT1/IBUILLYIOUU IPOJYKTUBHICTh. TeXHOIOT1s
3D-npyky meraniB xBeam Bupinrye 6araro TEXHIYHUX Ta EKOHOMIYHHUX MPOOJIeM aJUTHBHOTO
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BUpOOHMIITBA. BukopucTanHs npodiibOBaHUX €IEKTPOHHUX ITYYKIiB 5K JDKepesia HarpiBy, TH-
TAQHOBOT'O JIPOTY K OCHOBHOI'O Marepialy Ta CHELiaJbHUX HU3bKOBOJIBTHUX Ta30pO3PsIHUX
€JIGKTPOHHHX TapMart, 10 TeHEePYIOTh eNEKTPOHHI KOHIYHI MMOPOXKHUCTI ITy4KH, JO3BOJISIE BUTO-
TOBJISITH TIOPO’KHUHH 0€3 BUCOKOTO MPOHUKHEHHS B MaTepiai, piBHOMIPHO HarpiBaru mMarepiai,
30epiratu BIACTHUBOCTI Ta CTPYKTYpy TUTAHOBOTO CIUIAaBY, 3MEHIIYBaTW 3aJMIIKOBI Hampy-
YKEHHs Ta nedopmallii, 1ocsIraTu MIBUIKOI KpUCTai3alii Ta 0X0IomKeHHs [8].

Kpim Toro, 1151 TexHoIOTIA MiHIMIZy€e (piHIIIHI oneparii, 3a0e3Meuyro4yn T0CTaTHhO BUCOKI
reOMETPHUUHI apaMeTpy BUPOOY 3aBIsKH KOHTPOJILOBAHOMY HarpiBaHHIO, BUCOKIH MPOAYKTH-
BHOCTI TUIaBJICHHS 1 TI0JIadi IPOTY 3 TOIIAPOBUM HaHECEHHSAM Marepiany. JlocimipKeHHs moKa-
3aJIM, 1110 Yac BUTOTOBJIEHHS T'OTOBOI I€Tall 32 LI€0 TEXHOJIOTIEX0 cTaHOBUTh 130 XBUIIMH, IO-
piBHsiHO 3 10-14 TKHAMH, SIKI BUTPAualOTh KOHKYPEHTH, 110 BUKOPHCTOBYIOTH TPAIUIlIHE
JIUTTS 1JI1 BUPOOHUIITBA aHAJIOTIYHOT JIeTalll.

TakuM YMHOM, TEXHOJIOTS J03BOJISIE MBUAKO i €(DEKTUBHO BUTOTOBIISITH 3arOTOBKH 3 THTa-
HOBUX CIUIaBIB 31 30€pEeKECHHSM 33/I0BUTHHIX MEXaHIYHUX BIACTUBOCTEH, MIITHOCTI 1 TNTACTUYHO-
CTi, a BUTpaTa BUTPATHUX MATEPIialiB € BUCOKOIO, III0 JI03BOJISIE OTPUMYBATH 3aTOTOBKH, MAKCH-
MaJIbHO HAaOJIIKEH1 10 KiHIIEBOTO MPOAYKTY 3 MiHIMaJIbHUMHU BUPOOHUYMMH BUTpaTaMu [9].

[Tompu 11e, BupimeHHs mpo0IieM pi3aHHs 3JIMIIAE€THCSI AKTUBHUM HAIPSIMKOM JIOCITIJKEHb,
OCKIJIbKA OTPUMAaHi1 3aroTOBKH MOTPeOYyIOTh MOAajbIIoi 0OpoOKH, 100 3a0e3MeunuTH BUKO-
HaHHS BUMOT JI0 PO3MIPIB 1 HIOPCTKOCTI MOBEpXHi. PexoMeHalii 1mo10 BUKOPUCTAHHS TEXHO-
norii xBeam 3D B moeHaHH1 3 onepallisiMu pi3aHHs BiICYTHI, TOMY IJIAHY€THCS IPOBEICHHS
JOCTI/IKEHb Ta eKCIIEPUMEHTIB 3 peXXKMMaMH Pi3aHHs IS TOCSTHEHHs 3aJaH0T He0OX1JHOI 110-
pcTkocTi Ta TOYHOCTI. 1I{00 YHUKHYTH MOMMJIIOK y MOJANIBIIMX €KCIIEPUMEHTAX, CIIiJl 3BEPHYTH
yBary Ha JIesiki XapaKTepUCTHKH OOPOOKH 3arOTOBOK 3 TUTAHOBHX CIUIABIB.

[Ipouec pi3aHHS MIMPOKO BUKOPUCTOBYETHCS Y BUPOOHHIITBI T 3a0€3IeUeHHSI SIK Morepe-
JTHBOTO, TaK 1 OCTATOYHOTO 0OPOOJICHHS 3aT0TOBKY IS OTPUMAaHHS KiHIIEBOT fetaii. ToMmy mocs-
THEHHSI TapHOI SIKOCTi TIOBEPXHI, € TOJIOBHOIO METOIO JIaHOTO Tporiecy. Ha croromui mporec to-
KapHOTO OOpOOJIEHHS TOCHTIIKY€ETHCS 13 BUKOPUCTAHHSIM METOy CKIHUEHHUX €JIeMEHTIB, STKU
JI03BOJISIE TOCTIIUTH CKJIaJHI MPOOJIEeMH Ta OfiepKaTH KuUIbKicHi pimneHHs. [1if yac ToyiHHS Me-
Taily, JOCIIKEHHS MapaMeTpiB 3HOCY 1HCTPYMEHTY, CHJI pi3aHHs, TeMIepaTrypHu B Ipoleci pi-
3aHHS € CKJIaJHUM Ta KOIITOBHUM. TOMY METOJl CKIHUEHHHX €JIEMEHTIB JI03BOJISIE Tepe0aunTu
HEOOXi/IHI pe3y/IbTaTh Ha eTarli MPOEKTYBaHHS 3a JIOTIOMOTOI0 BUOOPY HEOOXITHUX MapaMeTpiB
pi3aHHs, MaTepiaiy, piXKy4oro iHCTpyMEHTY, 1110 B MIEPCHEKTUBI 3anobirarume 3aiilBUM Mmarepia-
JbHUM BUTpaTaM, a TAaKOXK J103BOJIUTH HA €Talll TECTYBaHHSI OTPUMATH XOPOIIY SIKICTh MTOBEPXHI 1
CKOPETrYBaTH 3HOC PIKY4Oro IHCTPYMEHTY BapilOr0UM MapaMeTpaMu MpoLecy pi3aHHsL.

Jlis  MonenroBaHHSI TPOIECY TOYIHHS BUKOPUCTOBYEThCs cepemoBuie Third Wave
AdvantEdge Ta Buxinni gani (tabun. 1) 11st MoznentoBaHHS Mpouecy. Sk 3aroToBky 0OpaHo THTa-
HoBuH cruiaB Ti6Al4V, sikuii € MakcuMabHO HAOMMKEHUH 1O METAJIEBOTO APOTY, IKUH BUKOPHU-
CTOBY€ETHCSI IPU BUPOOHUIITBI 3ar0TOBOK 3a TexHouorieto xBeam 3D metal printing, pi>ky4a mnia-
CTHHA Ta PEKOMEH/I0BaHI p&KMMH 00po0IIeHH 3riTHO 3 Karaiorom Sandvik Coromat [10].

Tabnuys 1 — Buxioui napamempu 07151 MOOeN08aAHHs NPoyecy MOKApHO20 00pOoOIeHHs.

IMapameTpu pizaHHs 3HaveHHs
1 2
Marepiai 3aroTOBKU Ti6AI4V
Marepian pixkydoi TJIaCTHHU WC (Kapbin Bomshpamy)
Popma mIacTUHU C — kBajgpaTHa
3aaHil KyT, ° N (0°)
Kitac TouHocTi M
KoHCTpYKTHBHI 0cO0IHBOCTI G
PexoMeH10BaHi KaTaJ0KHi pe:KUMU Pi3aHHS 1JIs1 00PaHOI IVIACTHHH
Bba3oBa miactuHa CNMG 12 04 04 — G13
IIBuAKICTh pi3aHHs, M/XB 45, 55,65
ITomaua, MM/00 0,2
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3akinyeHHs Taoi. 1

1 2

['mubuHa pizaHHA, MM 1

Temneparypa cepeaopuma, °C 20
3aroroBka

JoBxuHa, MM 40

Bucora, Mm 20

EkcriepiMeHTanpHa TOBXKHUHA 00pOOICHHS, MM 10

F—
dopMa ITaCTHHH © .
/ @
&

Jlxepeno: po3po0IeHO aBTOPaMHU.

VY mporeci MOAETIOBaHHS TOYIHHS MPU PeKOMeHIoBaHMX Kataiorom [10] pexxumax pi-
3aHHA, 0yJI0 BU3HAYEHO pO3Moai Temneparypu (puc. 1, 2, 3). 3a 1omoMororo aHaiizy B Mpo-
rpamHomy 3a6e3nedenHi Third Wave AdvantEdge, Bu3HadeHo, 110 31 301IbIICHHSM IIIBHIKOCTI
pizaHHS 3pocTae TeMIepaTypa, BiAMOBIAHO 3pOCcTae MBUAKICTE Aedopmartii. 301IbIIEHHS TEM-
nepaTrypu BiIOYBa€eThCS MOCTYIOBO B Mipy O0OpoOJIeHHS 3arOTOBKM. MakcuMalnbHa TeMIiepa-
Typa CIOCTEPIraeThCs B 00JaCTi KOHTAKTY PIXKYYO0i IUTACTUHH, OJIMKYE IO BICTPS IHCTPYMEHTY,
JIe BUHUKA€ MMOBIPHICTh HAUNIAHHS CTPYXKKH, 1 B pe3y/bTaTi MOKe BiIOYBaTUCh BUKPHUIILY-
BaHHs a00 KpaTepHUi 3HOC IHCTPYMEHTY B 00JIaCTi MAaKCUMAJIbHOI TEMIIEPaTypH.

Cunu pi3aHHs, SIKi BAHUKAIN IPU TIpoIieci 00YrCIeH s moKa3aHi Ha puc. 1, 2, 3 3rigHo 3i
301IBIICHHAM HIBUAKOCTI pi3aHHA. 31 30UIbIIECHHSIM MIBUIKOCTI pi3aHHs CIIOCTEPIra€ThCs 3Me-
HIICHHS CWJT Pi3aHHS, a TAKOXK 11 HOpMaJi3allis 0 CTaduX 3HAYCHb 0€3 IMKOBUX MOKA3HUKIB.
Takuii cTaH MOB'SI3aHUI 13 BUCOKOIO TEMIIEPaTypOrO, 110 BUHUKAE HA MEXKI IHCTPYMEHT-CTPY-
’KKa IPU BUCOKUX HIBUJKOCTAX pizaHHs. Temmeparypa B Mpoleci pi3aHHs 3pOCTaE, 10 BUKIIH-
Ka€ TepMIYHE PO3M'SKIIEHHS TTOBEPXHI 3aTOTOBKH, 1[0 CBOEIO YEPTOI0 3HMKYE MIIHICTh MaTe-

piasy Ha 3CyB 1 HOJIETIIy€e Iporec 00poOIeHHS.
24

Temperature (°C)
1056.76

Y (mm)

ForceX (N)
. S— Force-Y (N)
- — i . y - Temperature ('C)

1000 -

s [ )/

Force-X (N), Force-Y (N), Temperature (°C)

5) ) 6
Length of Cut (mm)

Puc. 1. llepwa sapiayis 0opobaenns ona weuokocmi 45 m/xe, enubuna 1 mm, nooaua

0,2 Mm/06, 6e3 3acmoCy8aAHHA MACMUTILHO-0X0I004CYIOY0T PIOUHU
JI>Kepeno: po3pobIIeHO aBTOPaMH.
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Temperature (°C)

c 1099.77
£ 103228
£ 964 795
& 897308
> 829822
762335
20 694 849
527362
558,875
492 389
424803
357416
= 268993
222443
154 957
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Py Force-X (N)
g P — Force-Y (N)
e eR WS SRR =i B = Temperature (°C;
2 — R
B
g 1000 -
£
5
= / -
z f g S — po—
5 f
% 500 F J/
2 /
c /
z i
x §
s Or
8 | i i i i
5 7 4 3 8 10
= Length of Cut {(mm)

Puc. 2. [lpyea sapiayis 0obpobnenns ons weuokocmi 55 m/xs, enubuna 1 mm, nooaua
0,2 Mm/06, 6e3 3acmoCy8anHA MACMUILHO-0X0I004CYI0Y0T PIOUHU
Jlkepeno: po3poOJIEHO aBTOPaMH.

245

Temperature (°C)

Y (mm)

o
=]
a

(

Force-X (N)
Farce-Y (N)
Temperature (°C)

[=}

0 2 4 [ g 10
Length of Cut (mm)

Puc. 3. Tpems sapiayis 06pobrenusn ons weuoxocmi 65 m/xe, enubuna 1 mm, nooava
0,2 Mm/06, 6e3 3acmoCy8anH MACMUILHO-0X0I004CYIOY0T PIOUHU
JDxeperno: po3po0IIeHO aBTOPaMH.

Force-X (N), Force-Y (N), Temperature {°C)
5
|
\

OnHuM 3 OCHOBHUX (DaKTOpiB, SIKUI BIUIMBAE HA MPOJYKTUBHICTh PIXKYYOTO IHCTPYMEHTY
€ BIUIMB IIBHJKOCTI Ha TeMIIEpaTypy Ta HaNpy>KEHHsS Ha BICTPI PLKYYOro 1HCTPYMEHTY, Kl
MIPOJIEMOHCTPOBAHO Ha pucC. 4, 5 BiAMOBINHO. SIK TOKa3aHO HA puc. 4, TeMIepaTypa 3pocTae 3i
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30UTBIIEHHSIM IIIBUKOCTI pi3aHHs, aJIe XapaKTep 1 001acTh HarpiBaHHs He 3MIHIOEThCS. [1i1BU-
HICHHS TEMIIEPATypH MPHU3BEIE 10 TEPMIYHOTO PO3M'SIKIIEHHS 3ar0TOBKH. TakuM YHMHOM, CTPY-
*Ka Oyzie BiIOKpEeMITIOBATHCh BiJl 3aTOTOBKH, 1 MPOLIEC Pi3aHHS MMOJICTTUTHCS.

Temperature ('C
I () Temperature {'C)

Temperature ("C)

106,76 964.785
el = 837,308
927159 o 820820
862359 $ o L
79758
132781
667961
603162 =
538363 : -

zggg: D . [ 424903
ke [ 357416
279168
214366
148587
84.7678

Puc. 4. Jloxanizayis memnepamypu na 8icmpi pixcy4o2o iHcmpymeHmy:
a—-N=45m/xe6;,6—-N =55m/xe, 22—\ = 65 m/xe
JIxepeo: po3po0JICHO aBTOPaMH.

Hampy>xeHHst Ha piXy4oMy IHCTPYMEHTI PO3TAIIOBaHI Ha TEPEIHIN MOBEPXHI IUIACTHHH,
BIJIMO Ha 1 MM BiJ piXKy4oi KPOMKH Ta iX 3MiHa [OB’s3aHa 31 301IbLIEHHSIM IIBUIKOCTI Pi3aHHS,
YuM OLIbLIA HIBUIKICT Pi3aHHS, TUM OUIBIII HANPY>KEHHS BUHUKAOTh. MaKCHUMallbHI 3HaY€HHS
Hanpy KeHHS He 3MIHIOIOThCS, aJle XapaKTep 3CyBY 1 IX 30Ha 3pOCTaE, 110 MOKA3aHO Ha PUC. 5.

| Maximum Shear Stress (MPa)

Puc. 5. Jlokanizayia nanpyscensv na icmpi pincy4o20 iHCIMPYMEeHN).
a—V =45m/x6;,0—-N =55 m/x6;2—\N = 65 m/xs

Jlxepeno: po3po0IeHO aBTOPaMHU.

Takox, sk OyJ10 3a3HAYEHO BUIIE, 31 30UTBIICHHSAM IIIBHIKOCTI pi3aHHS, BiIOyBa€eThCs 30i-
JBIIEHHS TEMITEPATYPH, IPH IIbOMY BUHUKAE €PEKT TEPMIUHOTO PO3M SKIICHHS 3aTOTOBKHU. Ta-
KUM YMHOM, CTPY’KKa MMOYMHA€E BIJJOKPEMIIIOBATUCS BiJl 3arOTOBKH, 1 BUHUKAE MepepuBYaACTa
CTpyKKa (puc. 6, 0), IO YTBOPIOETHCS TP BUIIUX IIBUIKOCTSX Pi3aHHS Ta CYIUIbHA CTPYKKA
IPH HIDKYUX [MIBHIKOCTSX pi3aHHs. (puc. 6, a).

NTAE
vy AV
NP SVAVAY

a o
Puc. 5. Ymeopenusa cmpyorcku:
a — cyyinvHa; 6 — nepepuguacma
JIxepeso: po3po0IeHO aBTOpaMH.
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BucHoBkH. Y 11bOMY JTOCITIPKEHHI MPOAHATI30BaHO Ta MPOIEMOHCTPOBAHO BILUIUB IIBH/I-
KOCTI pi3aHHs Ha TEMIIEPATypy B 30HI pi3aHHs, CHJIY pi3aHHs, XapaKTep YTBOPEHHS HANpPYKEHb
Ha TepeHiil MOBEPXHI piKYYO0l INIACTHHU Ta XapaKTep YTBOPEHHS CTPYXKKHU. BusiBieHo, 110 3i
301IBIICHHSIM IIBUAKOCTI, 3pOCTAa€ TEMIIEpaTypa Ha pikydii miactuni. HaiiBuina remmneparypa
(hopMy€eThCS B 30HI KOHTAKTY P1XKY4Oi TUIACTUHH 13 3aTOTOBKOIO, JIe € HMOBIPHICTh BUHUKHEHHS
HAJIMTIAHHS CTPYXKKH 1 BiApHUBY i1 i3 popmyBanHs Kparepa. Cuia pizaHHs 31 301IbIIEHHSM IIBH-
JIKOCT1 pi3aHHS, TOCTYIOBO CTA0LII3yETHCS 1 3MEHITYEThCSI, 1110 MOB’3aHO 13 TEPMIYHUM ede-
KTOM pO3M’ SIKIIICHHS 3aTOTOBKH. PO3M01)1 MIKOBMX 3HaYeHb HANPY>KEHb HA MEPEIHII MOBEPXHI1
PIXKy4oi TUIACTHHH 30UTBIIYETHCA BIIMO 1HCTPYMEHTY. JlOCHimKeHOo, 1O CYIUJIBHA CTPY>KKa
YTBOPIOETHCS NIPU HU3BKUX IIBUKOCTSAX pi3aHHs, Y TOH 4ac K MPU BUCOKUX IIBUIKOCTSX Pi-
3aHHS CTPYKKA BiJ[PUBAETHCS BHACIIJIOK BUIIIMX TEMIIEPaTYP.

OTtpumani pe3yabTaTd MOXXYTb OyTH KOPHCHUMH IPU MOJAIBLINX JOCITIKEHHS MPOLECY
pi3aHHA 1 MOIIYKY ONTHUMAJILHOTO Jlialla30Hy PEKUMIB pi3aHHS, IO JO3BOJSIOTH OLIIHUTH SIK
3HOC Pi3aJIbHOTO IHCTPYMEHTY, HOTO TiepeIyacHui BUXiJ 13 JIady, TaK 1 e()eKTUBHICTH MPOIECY
pizaHHA. AJeKBaTHE PO3yMiHHS 0OpOOIIIOBAHOCTI TUTAHOBHUX CIUIABIB MAa€ Ba)KJIMBE 3HAYCHHS
Juist 3a0e31neYeHHs €PEKTUBHOTO 00POOIIEHHSI.
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INVESTIGATION THE INFLUENCE OF CUTTING SPEED ON CUTTING FORCES
AND TEMPERATURE IN TURNING OF TITANIUM ALLOY TI-6AL-4V

xBeam 3D metal printing is the most modern method of additive technologies for obtaining blanks by using of titanium
alloy TI-6AL-4V metal wire as a base material. The lack of sufficient numbers of studies on the turning blanks obtained by
additive technologies prompted the investigation of turning features in particular the influence of increasing cutting speed on
the cutting forces, tool temperature, and stress localization on the cutting edge and chip formations by using Third Wave Ad-
vantEdge for simulations.

In metal turning, the study of parameters such as tool wear, cutting forces and temperature during the cutting process is
complex and expensive. Therefore, computer simulation can be used to predict the required results by selecting the right cutting
parameters, materials and cutting tools during the design phase, thus avoiding unnecessary material costs in the future.

This article presents the results of a study using the AdvantEdge simulation. A square insert with a 0° back angle made
of a cemented tungsten carbide (WC) was selected as the cutting tool. The cutting mode parameters were determined analyti-
cally using a catalogue. In this study, the feed rate and depth of cut were not changed, and the cutting speed was set in the
range of 45 m/min, 55 m/min and 65 m/min. The feed rate was 0.2 mm/rev and the depth of cut was 1 mm. The machining
length was 10 mm. Also, the paper contains graphs of cutting forces and tool temperature versus the length of cutting under
the influence of increasing cutting speed. The results show that as the cutting force increases, the cutting temperature increases
accordingly, but the cutting force remains unchanged and tends to stable values, which confirms the effect of workpiece sof-
tening, which facilitates material removal. The distribution of peak stress values on the front surface of the insert increases
deeper into the tool. It was found that continuous chips are formed at low cutting speeds, while at high cutting speeds, chips
are torn off due to higher temperatures.

The results obtained can be used to research of the cutting process and search for the optimal range of cutting modes,
which allows evaluating the wear of the cutting tool, its premature failure, and the efficiency of the cutting process.

Keywords: turning, machining; Ti-6Al-4V; cutting speed; calculation of cutting force and tool temperature; cutting modes.

Fig.: 6. Table: 1. References: 9.
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BILIMB BMICTY I'PA®ITY HA EKCILJTYATAITAHI
XAPAKTEPUCTUKU I'PADITOIIVIACTIB HA OCHOBI ®EHIJIOHY

Y pobomi npeocmaeneni pezyromamu 00cniodiceHb epagimonnacmié Ha OCHOBL apoMamuiHo2o noxiamioy geriton C-2.
Taxi komnozuyii 6y1u ompumaHi Memooom KOMNPECIHO20 Npecy8ants 3 pisHum emicmom epaghimy 6io 10 0o 60 mac%. 6 nonime-
pHomy 8 siicyuomy. OCHOBHUM HANPAMOM OOCTIONHCEHHS OVII0 BUSHAUEHHS MEPMIUHO20 KOeIiyicHma MHIIHO20 PO3UUPeHHs ma
BU3HAYEHHS MEePMOCMIUKOCI 3a O0NOMO2010 Memody mepmozpasimempuurozo ananizy (TIA), a maxooc 6usHaueHHa MeXaHizmie
ma KinemuuHux napamempis 3 guxopucmanuam memooy Koamca-Peogepna. Bcmanosneno, ujo esedenns 30...60 mac. % epagimy
6 NONIMePHY Mampuylo nioguwye mepmocmiikicms epagimonnacmie y 1,02...1,22 paza 6 nopienanui 3 geninonom. Tepmiunuil
KoeghiyicHm MHIIHO20 POZWUPEHHs 31 30LIbUEHHAM KOHYeHmpayii epaghimy 6 nonimepuii mampuyi noninuyemocs Ha 45-48 %y
pasi niosuwenns memnepamypu 6i0 423 0o 523 K. [lopiensnvhuil aHaniz QizuKo-mexaniuHux 61acmueocmeli OmpuUManux epagi-
MONIACMIE HA OCHOBI (YEHINOHY 3 HASGHUM AHATO2OM NOKA3A8, WO OMPUMAHL MAMEPIanu Ha OCHOBI (DEHIIOHY 3 KOHYEHMPAYIcio
HanosHwsaya 10-20 mac.% nepesasicaroms idomuil KOHCMPYKYitiHul anmezmim 3a miynicmio 6 1,14—1,48; yoaproro 6 ’asxicmio
2-5,2; meepoicmio 1,03—1,3 paszie, npu 00HoUACHOMY 3HUMNCEHH NUMOMOT 8azu 00 25 %.

Knrouosi chosa: epaghim, epaghimonnacm, ¢heninon mepmiunuil koegpiyienm HiHitiHO20 POZWUPEHHS, MEPMOCMIUKICb,
@i3uKo-Mexaniymi 61acmu8oCmi.

Puc.: 2. Tabn.: 3. bion.: 8.

AKTyaJIbHICTb TeMH Joc/i:keHHs. Ha cboroaHi 3 MiacTUKiB BUTOTOBIISIOTH COTHI THCSY
TEXHIYHUX BUPOOIB, BiJ JpiOHMX KHOIOK JIO TPOMI3AKUX arperariB: aBTOMOOIIbHI IIECTEPHI,
MiIIATHAKYA MOTYKHUX MPOKATHUX CTaHIB, BATOHETKH, KOPITYCH aBTOMOO1TiB, YOBHH, TKaIbKi
YOBHUKH, HAUTOYHIIII JeTajll ONTUYHUX MPHIIAJIB, TeIeQOHHI anaparu, CKJo, 110 He 0'eThes,
JUIS JIITaKiB, JIeTalll XIMI4HOi armaparypH, 110 IepeBepIIyIOTh 3a CTIHKICTIO 30J10TO 1 TUIATHHY.
Jlo cknany GUIBIIOCTI MJIACTHKIB 0/1al0Th HAIIOBHIOBAY1, Pi3H1 33 CBOEIO XIMIYHOIO MTPUPOJIOLO,
110 B CBOIO Yepry, HaJlae BUPOOaM 3 TaKMX MarepialliB MilIHOCTi, TBEPAOCTI, TEIJIOCTIMKOCTI Ta
IHIIUX CIIeIlaJbHUX BIIaCTHBOCTEH [1].

BBenenns rpadiTy HaJae miacTUKaM BUCOKOT XIMIYHO] 1 TepMivHO] cTiiikocTi. TermocTiii-
KicTh BapitoeThes Biz 343 no 573 K, 1e ocHOBHY poJib Bifirpae oopana matpuils. OHaK BCe XK
TaKH /10 HEJOMIKIB BIIOMUX rpadiTOIIacTiB HAJIEKUTh HE HAJTO BUCOKI MOKa3HUKHU TEIIO(i-
3UYHUX BJIACTUBOCTEH [2].

ITocTanoBka npodJeMu. PizHOMaHITTSA MarepialiB 3 BMICTOM rpadiTy Ta BapitOBaHHS iX
CKJIaJIIB, ITUPOTa c(hep BUKOPUCTAHHS 1 CKIIAHICTh CIIEKTPA iX BIACTUBOCTEH, SK 1 paHillle BH-
KIIMKAIOTh IHTEpEC 10 HUX 3 OOKY JOCTIHUKIB 1 TPOMUCIOBIIIB. OCOOIMBO TOCTPO CTOITH MH-
TaHHS BU3HAUYEHHS JIOBFOBIYHOCTI 0€3 YIIKOKEHHS JIeTanei, ajke rpadiToriactu 3acTOCOBY-
I0Th JUIS BATOTOBJICHHS Pi3HUX (UIBTPIB, MOPIIHEBUX KiJIellb, YIIUIbHIOBAUiB, TUBAPHUX (OpM,
BKJIQ TUIIIB, MTiANIMITHUKIB KOB3aHHs Ta iH. [3].

AHaJi3 oOcTaHHIX J0CTiIzKeHb i myQuikanii. TepMoriacTy, IEBHOIO MipOIO, BXKE JOCATIN
CBO€1 M1 MIIHOCTI, TEPMOCTIHKOCTI Ta 3HOCOCTIHKOCTI [2], TOMY Ba)KIMBE 3HAYCHHS Ma€ MO-
TUQIKyBaHHS CTPYKTYpPHU MOJIIMEPHOI MaTpHIll HallOBHIOBaYeM. ICTOTHOT 3MiHU BIacTUBOCTEH
KOMIO3ULIHHUX MOJIMEPHUX MaTepiaiiB Ha OCHOBI TEPMOIUIACTUYHUX CHOTYYHUX JIOCSTAIOTh
3a paxyHOK peoprasizailii HaIMOJIEKYIIpHOi CTPYKTypH nosimepy [3]. Byrmerpaditosi Hamos-
HIOBaul XapaKTePU3YIOThCSI BUCOKHUMH XIMIYHOIO CTIHKICTIO Ta TETUIOCTIHKICTIO, HEBEIIMKUMHU
minsHicTIO (1,22...2,25 r/em®) Ta mopucTicTio (20...30 %), pO3BHHEHOIO MOBEPXHEIO0 YaCTHHOK
[1; 3]. I'padiToruiacTu TaKOro TUITY MOYKHA 3aCTOCOBYBATH JIJIsl BATOTOBJICHHS KOHCTPYKIIIHHUX
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netaneit ckinaaHoi ¢popmu [2]. [Ipu qogaBanHi rpadiTy MIACTUKH MalOTh BUCOKY XIMIYHY 1 Te-
pMidHYy cTilKicTh. [IpoTe uepe3 BuIesragaHi HETOMIKHA CTBOPIOIOTH HOBI CKJIAJIN 3 T100POM
MaTpuIli, sika O 3aJ0BOJIbHUIA I1i TOTpeOH. Y poOoTi [4] Oyio JocipKeHO TepMidHUN Koedi-
IIEHT JIIHIHHOTO PO3IIUPEHHS IpadiTOIUIACTIB HA OCHOBI ()EHUIOHY, IO JTAJI0 3MOTY OLIIHUTH
oOpanuii MeTos; (hopMyBaHHS KOMITO3HTIB Ta IMOEIHAHHS KOMIIOHEHTIB. 3a criocoboM dhopmy-
BaHHS Yy BUPOOU rpadiToriacTy MOAUISIOTH Ha 1B TUIK: TaKi, IO (OPMYIOThCS Y BUPOOU Me-
TOZOM IMPECYBaHHS NPH MiJBUIIEHUX TEMIIEpaTypax Ta TUCKaX, Ta rpadiTomiactu, ki OTpH-
MYIOTh METOJIOM XOJIOAHOTO JIUTTA. BiJOMUM MpeACTaBHUKOM MEPIIOTo TUITY € TpadiTOIIaCTH
Ha OCHOBI (eHoI(HOpMABLETITHOI CMOJIH Ta IITY4HOro rpadity — antermit Mapku ATM-1 [5].
AHTErMITH 3apEKOMEHIyBaIu ce0e SIK aHTH(PHUKITIHHI caMO3MalllyBalbHI MaTepianau, HEeAOJi-
KaMU SIKHX € HU3bKI TOKa3HUKU (P13MKO—MEXaHIYHUX BIIACTUBOCTEH.

Tomy mMeTo10 1aHOT poOOTH OYJIO TOCIIPKEHHS TEPMOCTIMKUX T'padiTOIIacTiB Ha OCHOBI
(deH1IoHy Ta BU3SHAYCHHS 1X TeII0(I3UIHHUX, TEPMIYHHUX Ta (I3UKO-MEXaHIYHUX BIIACTUBOCTEH.

00’ekT Ta npeaMeT J0CTiKeHHs. K B’ sKy4nid BUKOPUCTOBYBAJIM TEPMOCTINKUIA apoma-
TUYHUN Tiomiamis — eHion C-2, SKuii HaOBHIOBAIIM CPIOISCTHM rpadiToM y MaCOBOMY CITiB-
BIJTHOIIICHHI, BKa3aHOMY B Ta0Oi. 1. @opMyBaHHS KOMITO3UIIIH Y BUPOOH 3MiHCHIOBAIIM METOIOM
CYXOro 3MillTyBaHHSI B 00EPTOBOMY €JIEKTPOMArHITHOMY TOJi y MIPUCYTHOCTI HEPIBHOOCHUX (pe-
POMAarHiTHUX YaCTUHOK 3 MOJANBIINM IX BHIATEHHSM METOI0M MarHiTHO1 cenapariii. [Ticns yoro
3pa3Ky 3aBaHTAXKYBaJH B IpecGopmy i mi1aBaivd KOMIPECIHHOMY ITPECYBAHHIO.

Tabauys 1 — Cxraou komnosuyii

B’soxyue Bwmict B’sbxydoro, Mac.% HanosHioBau BwMicT HamoBHIOBaua, Mac.%

100 -
90 10
85 15

S 0 Cimeri pagin &
60 40
50 50
40 60

Metonm nocainxennsi. TepMiuHy CTIHKICTh BUBYAJIN 3a JOTIOMOTOI0 METOIY TEPMOTpaBi-
metpuyHoro aHamuizy (TT'A), a Takok BU3HAuU€HHS MEXaHI3MIB Ta KIHETUYHUX HapaMeTpiB 13
BUKOpHcTaHHAM MeToay Koarca-Pendepha.

TT'A anani3y miagaBaau KOMIO3UTH Ha OcHOBI (peninony C-2 (TY 6-05-221-101-71), na-
noBHeHoro 10...60 mac. % rpaditom mapku ['C-2. TepMidHy IeCTPYKIIiIO OJep>KaHUX 3pa3KiB
BUBYAIHN Ha nepuBarorpadi Q-1500]1 cucremu ®. Maymik, . IMaynix ta JI. Epaeit pipmn MOM
(Yropuina). BunpoOyBaHHS IPOBOAMIM Y CIIEIiaJIbHUX KepaMiuHUX TUIVIAX Ha MOBITPI B 1H-
tepBaiii TeMmeparyp 298...873 K. llIBuaxkicts niaiiomy temmneparypu — 10 K/xB, sik eranoHHy
(imepTHY) peuoBuHy BuKopucToByBasnn Al;Os, HaBinryBaHHs pedoBuHH — 100 mMr. Uy TnuBicTs
meronis JITT Ta JITA cranosuna /s Ta /3 BiamosimHo.

Jlns Bu3HaueHHs TemrieparypHoro koeditieHTa niHiiHoro posumpenns (TKJIP) orpumani
3paszku pociipkyBanu 3riqHo TOCT 15173-70 na nunarometpi IKB-5AM B inTepBani Temnepa-
Typ 293-1173 K. KinbkicTs 3pa3kiB il BUIIPOOYBaHHS KOKHOI MapTii Marepiary CTAaHOBHIIA HE
menn aecaty. Cepemniit TKIIP - o (K™) nocnimkyBanoro 3paska pospaxoByBau 3a GOpMYIIOH:

AL, +Al 1
o= I‘I_H . — +ak’
ly Tit1-T;

ne Al, — pi3HULS BIIXWUJIEHHS CTPUIKM MOTEHIioMeTpa Mo oci Y B iHTepBajl TeMIleparyp
Ti+1 - Ti: MM;

Aly — BimXuneHHS BiJ HYJIA IpUjIaxy B iHTepBaii temmeparyp ;. - 1;, MM;

lo — noBxuHa 3pa3ka npu nodatkosiit remnepatypi T =293 K, mm;

a® — TKJIP kBapuoBoro ckia B intepsani emnepatyp Ty q — Tj, K2
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HocmimkenHs Hi3uKo-MeXaHIYHUX BJIACTUBOCTEH TPOBOIUIIH 3T1/IHO 3 YNHHUMU CTaHAap-
TaMU JIJIs TUTacTMAC.

Pe3yabraTtu Ta ix o6roBopennsi. Anaii3 pe3yabtaTiB I TA-kpuBux ¢eninony ta rpadi-
TOTIJIACTIB HA MOTO OCHOBI MOKa3aB [6], mo B iHTepBani Temneparyp 273...623 K cnocrepira-
€ThCS CHIOTEPMIYHA JUISTHKA 3 TIOCTYIIOBHM 3MeHIIEHHIM Macu (3...6 %), sika cynmpoBOIKY-
€ThbCS BUALICHHAM BoJIOTH. TepmonaecTpykiis peHinony nounnaerbes npu 723 K, y Toii gac sk
Juist TpaditoruiacTiB i3 BMicToM HanoBHioBaua 10...20 mac.% — npu temneparypi 803 K, mo
MmicTaTh 30...60 mMac.% rpadity — cnocrepiraerhes mpu 848 K (TepMocTaOinbHICTh 301IbIIY-
€ThCcs Ha 125 TpaayciB, MOPIBHSIHO 3 BUXIAHUM (EHITIOHOM).

+AT

Y

-AT

i

0 473 673 873 1073 TXK

Puc. 1. JITA-xkpusi ¢eninony C-2(1) ma epagimonnacmis na 1io2o 0cHogi

i3 emicmom epagimy: 2-10; 3-15; 4-20; 5-30; 6-40; 7-50; 8-60 mac. %

Beenenns 30...60 mac. % rpadiTy B nojgiMepHy MaTpHILIIO MiJIBUILYE TEPMOCTIHKICTb Ipa-
ditomnactis B 1,02...1,22 pa3a B mopiBHAHHI 3 HeHaroBHEHUM (eHinoHOM (Tabu1. 2). FiMosipHo,
3pOCTaHHs TEPMIYHMX MOKAa3HUKIB CBITUMTH MPO MPOLECH CTPYKTYpH3allii Ta IHTEHCUBHOCTI
MeXaH13MiB B3aEMO/Iii MK (PEHIIOHY Ta HaIMIOBHIOBaYeM, TOOTO 3ITUBAHHS MaKpOMOJIEKYJ (e-
HIJIOHY MK COOO0IO Ta 3 YaCTHHKaMU TpadiTy.

Tabauys 2 — Tepmocmitikicmy i Kinemuuni napamempu geniiony ma epagimoniacmis Ha
11020 OCHOBI 3 PI3HUM 8MICIMOM HANOBHIOBAYA

Bwuicr rpadiry, mac. % 0 10 15 20 30 40 50 60
T1o 699 703 708 711 718 743 753 792

T2 757 773 778 784 803 836 856 854

T30 802 833 842 851 883 922 941 915
Tao 853 885 901 913 953 1003 1034 1011

Tvmax 689 702 708 699 695 704 703 704

Enepris akrusarii, k1x/Mo1b 203 174 158 143 131 106 102 99
Koed. kopemsmii 0,99 0,99 1,00 0,99 0,99 0,99 1,00 1,00

IIpumitka: T1o, T2o, T30, Tag — Temnepatypwu, K; 10, 20, 30, 40 % BTpatn mMacw.

3a pesynpraTaMHM TEPMIYHOTO aHali3y BHU3HAYEHO MEXaHI3MM Ta KIHETHYHI MapaMeTpu
MPOIIeCY TEPMIYHOI AECTPYKIIiT JOCTIKYBAaHIUX MaTepialliB 3 BUKOpUCTaHHIM MeToay Koarca-
Pendepna [6]. Bussneno, 1o BBeieHHs rpadiTy 3MEHIIY€e €Heprilo aKTHBaLlli Ipolecy TepMo-
necTpykuii Maibke BiBiul. Lle 1ae MOXIMBICTh NIABUIIKUTH TEXHOJIOTIUHI TapaMeTpu Mepepo-
OKM KOMITO3UIIITHUX MOJIIMEPHUX MaTepialliB, iKi 0OMeXeH1 By3bKHM 1IHTEPBAJIOM MiX TeMIle-
parypaMmu TUIMHHOCTI i TepMonecTpykIlii ¢peninony C-2.
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o crocyeTbest TepmiuHOTO KoedimienTa siHiiHOTO postmpenHs (TKJIP) [4] momimepy B TBe-
PIOMY CTaHi, TO BiH 3aJISKHUTH BiJl TEMIIEpaTypH, HOCTYIIOBO ITiABUIIYIOUUCH 3 11 30UTbIICHHIM. Y
ckitonofioHoMy crani mokasHuku TKJIP MaroTh BuIl 3Ha4eHHS, HIXK y po3IuiaBl abo y B’S3KOIO-
nioHoMy momimepi. Came Temneparypa ckiyBaHHs BimBae Ha mokasHuku TKIIP. e BinOyBaeThes
BHACJIJIOK IEPETUHY TOYKH CKIIYBAaHHS, 1€ BUHUKAIOTh CTPYKTYpHI IEPETBOPEHHS, SIK1 BILTUBAIOTh
Ha PO3LIMPEHHS KOMIIOHEHTIB KOMITO3MILII. A BX€ MONAJIbIIE 3MEHIICHHS Koe(ilieHTa po3IIu-
PEHHS CIIOCTEPITaeThCsl HIKYE TEMIIEpaTypH MEpeXoiy B CKIIONOAIOHUI CTaH.

ExcniepuMeHTanbHO BCTAHOBJICHO, IO TEMIIEpaTypa CKIyBaHHS JUIsl YUCTOTO (DEHITIOHY
C-2-543 K, teopernuHe ii 3HaU€HHS pO3paxOBYBaJIH 3a TeopeMmoro Beinanma, Xodrumepa i
Ban Kpesenena [7] 3a hopmyioro:

Y,

_1z
Tg—z,

ne Yq — MoaynbHA (DYHKITISI IEpEeX0ly B CKJIOMOMIOHUHN cTaH, Z — YHCIIO aTOMIB B3JIOBXK JIaH-
I[fOra FOJIOBHUX BAJICHTHOCTEH B MEXaX OJJTHOr0O MOHOMIPHOT'O 3BeHA; TOXHOKa eKCIIepUMEHTa-
JBHOTO Ta TEOPETUYHOTO 3HAYEHb CTAHOBUTH 8 %0.

Amnamni3 pesynbtatiB TKJIP, siki HaBeneH1 Ha puc. 2, MOKa3aB, 110 BBeIeHHS IpadiTy HEO-
HO3HAYHO BIUTHBae Ha 3HadeHHs TKJIP rpaditomnactis [4; 8]. B inTepBani temneparyp 298—
373 K cnoctepiraerses miapuineHas TKIIP BiamoBigHo 31 30UTbIIEHHSIM KOHIICHTpAIlii HaImoB-
HioBaua Big 10 mo 20 mac. %. ITicnst goro nmokaszuuku TKJIP moctymoBo 3HMXKYIOThCS Ha 23-
30 % mpu miaBuieHHi TemnepaTypu A0 450 K, 1ie cBiguuTh npo MiHIMajIbHY YCaJKy TOTOBUX
BUPOOIB.

a*10C, K
(VS ]
[en]

L 450
0 300 350 400
;K

Puc. 2. 3anesxcnicme memnepamyproeo koeghiyienma HiHiliHO20 PO3UUPEHHS
8i0 memnepamypu epaghimoniacmis Ha OCHOBI PeHiloHY

[Tpoanani3zyBaBIIM OTpUMaHI1 pe3yJbTaTh, BUIHO, 1110 31 30UIbIIEHHSIM KOHLEHTpallii rpa-
¢biTy B moiiMepHiil MaTpuIli TepMiUYHUI KOEQIIIEHT JTIHIHHOTO PO3LUIMPEHHS MOJIIIIYETHCS Ha
45-48 % y pa3i miaBuIneHHs Temreparypu Bix 423 mo 523 K.

OCKUTbKM OJIHUM 13 HaWBIJJOMIIIMX MPEACTABHUKIB IpadiTOIUIACTIB € AHTEIMIT MapKH
ATM-1 (Ha ocHOBI (eHoIPOPMATBETITHOT CMOJIA Ta IMTYYHOTO TpadiTy), TO TOIIIBHO Oye
IPOBECTH MOPIBHSIBHUN aHali3 (i3UKO-MEXaHIYHUX BJIACTUBOCTEH OTpUMaHUX rpadirorac-
TIB Ha OCHOBI (D€HIIOHY 3 ICHYIOUMM aHaJIoroM [5; 8]. AHaui3 pe3yabrariB (13UKO-MeXaHIYHUX
JIOCTI/IKeHb MTO0Ka3aB, 1110 OTpUMaHi IrpadiTOIUIacTH Ha OCHOBI (DEHIIOHY 3 KOHIIEHTPALI€I0 Ha-
noBHioBaua 10-20 mac. % mepeBa)kaloTh BIJOMUN KOHCTPYKI[IHHUI aHTErMIT 3a MIIHICTIO B
1,14-1,48; ynapHotro B’3kicTio 2—5,2; TBepaictio 1,03—1,3 pa3a, npu ogHOYaCHOMY 3HIKEHHI
nuToMoi Baru 10 25 % (tabm. 3). Lle cBimuuTh Npo NMEPCHEKTUBHICTh BIPOBAIKEHHS TaKUX
MarepiajiB sK JeTaneil KOHCTPYKIIMHOTo MpU3HauYeHHs.
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Tabauys 3 — Pizuko-mexaniuni eracmusocmi epaghimoniacmis

I'padiromnacTu Ha 0CHOBI (heHITIOHY, HATOBHEHI
[MokazHuku ATM-1 [5] rpadirom, mac. %
10 15 20
Iutoma Bara, r/cm® 1,8 1,45 1,48 1,53
Meska MIIIHOCTI Ipu cTUCHeHH], MIla 120 177 161 137
VnapHa B’S3KicTh, KJKk/M? 3,5 18,3 154 6,9
Teepuicts 3a Pokenom, HRa 62 78,1 78,5 80,1

Ha ocHoBi oTpuMaHuXx pe3ynbTariB Oymnu po3po0iieHi BTYIKH 3 TpadiTomiacty AJisi BATOTO-
BJICHHS JICTAJICH MOPIITHEBUX KOMIIPECIMHUX YCTAHOBOK, BUTOTOBJICHUX 3 TOJIiaMiny (eHiJI0oH
C-2 apMoBaHOTO CpiOIACTUM TrpadiTOM.

ExcnepumMenTasnbHi 1eTaji — eJIeMEHTH CAIbHUKOBUX YIIUIbHEHB IITOKIB OyJIM BCTAHOBJICH1
Ha TopiIHeBi koMrpeciiini ycranoBku 4I'M10 — 4/46C Ta BianpartoBaiu POTATOM 986 roauH.
3ayac BI/IHp06YBaHB 3ayBa)kKeHb 3 eKCIUTyarallii He 6yno eKCIIepUMEHTaNbHI IeTalli MAlOTh Kparlli
eKCHJIyaTaHII/IHl XapaKTePUCTHKH: TEIUIOCTIMKICTD 1 MIITHICTb, SIKI TICPEBHUILYIOTH BiJJOMI ITOJIiMe-
pHi anayiory. [1in yac epeBipKy TEXHIYHOTO CTaHy BCTAHOBIICHO, 110 EKCIICPUMEHTAIBHI JeTali
MarOTh He3HAYHE 3HOIIYBAHHS, K€ 3HAXOJUTHCS B JOMYCTUMHUX MEKax. Y 3B'SI3KY 3 TEXHIYHOIO
MPUIATHICTIO IO €KCIUTyaTallii eKCIIepUMEHTAIBHI BTYJIKH ITPOJIOBKYIOTH JOCIIKYBAaTH.

BucnoBku. OTprmMani rpagiToriacTd Ha OCHOBI (PEHIJIOHY MarOTh 3HaYHI TIEpeBard nepe
YUCTUM (PEHUIIOHOM Ta iICHYIOUMMH aHAJIOTaMH 32 KOMILJIEKCOM JTOCIIKEHUX XapaKTePUCTHK.
A caMme y rpaditomniactax Ha OCHOBI (DEHUTOHY CIIOCTEPIranoch MiJBUIIECHHS TEPMIYHOI CTiii-
KocTi B 1,2 pasa, 3HMKEHHSI TEpMIYHOTO KoedilieHTy JiHiitHOTO po3mupeHHs B 1,45 pa3a npu
niaBUINEeHHI Temmeparypu 10 523 K Ta moka3HukiB Gi3MKO-MeXaHIYHUX BIACTHBOCTEH: MIITHO-
cti B 1,48; ynapHoi B’s13kocTi B 5,2; TBepAoCTi B 1,3 pasa, npu olHOYaCHOMY 3HHKEHHI TUTOMOT
Baru B 1,25 pasu. L{e 103B0JIMIIO TPOBECTH PSIT BAAIUX MPOMHUCIIOBHX BUIIPOOYBaHb 3 BUKOPH-
CTaHHSM JieTajel Ha 6a3i cTBOpeHOro rpadiToruiacty. ¥ 3B'3Ky 3 TEXHIYHOO MPUIATHICTIO 10
eKCIUTyaTallli eKCIIepUMEHTAIbHI BTYJIKH POJOBKYIOTh JTOCIIJKYBATH.
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THE INFLUENCE OF GRAPHITE CONTENT
ON THE PERFORMANCE CHARACTERISTICS
OF GRAPHITE PLASTICS BASED ON PHENYLON

The work is devoted to the current problem of materials science - the study of the properties of graphite plastics. After
all, these materials are widely used in industry and technology, but they have their drawbacks: not too high indicators of
thermophysical properties. The introduction of graphite gives plastics high chemical and thermal resistance. Heat resistance
varies from 343 to 573 K, where the selected matrix plays the main role.

The paper presents the results of studies of graphitoplasts based on the aromatic polyamide Phenylon C-2. Such composi-
tions were obtained by the method of compression pressing with different graphite content from 10 to 60 wt% in a polymer binder.

The main direction of the research was the determination of the thermal coefficient of linear expansion and the determination
of thermal stability using the method of thermogravimetric analysis (TGA), as well as the determination of mechanisms and kinetic
parameters using the Coates-Redfern method. It was established that the introduction of 30...60 wt. % of graphite in the polymer
matrix increases the heat resistance of graphite plastics by 1.02 ... 1.22 times compared to phenylon. As for the thermal coefficient of
linear expansion (TLC) of the polymer in the solid state, it depends on the temperature, gradually increasing with its growth.

The TCLR of a melt or polymer in a viscous state is always higher than in a glassy state. It was experimentally established
that the thermal coefficient of linear expansion with an increase in the concentration of graphite in the polymer matrix improves
by 45-48% in the case of an increase in temperature from 423 to 523 K.

Comparative analysis of the physical and mechanical properties of the obtained graphitoplasts based on phenylene with
the existing analogue showed that the obtained materials based on phenylone with a filler concentration of 10-20 wt% prevail
over the known structural anthegmite in terms of strength of 1.14-1.48; impact viscosity 2 - 5.2; with a hardness of 1.03-1.3
times, with a simultaneous decrease in specific gravity to 25 %.

The results of the research made it possible to conduct a number of production tests of the obtained materials, which
gave a positive result.

Key words: graphite; graphite plastic; phenylon; thermal coefficient of linear expansion; heat resistance; physical and
mechanical properties.
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PO3POBKA CIIOCOBY I'A30JIA3EPHOI PI3KU METAJIIB
I3 HIOJAJIBIIUM BUTI'JIAAYBAHHAM IIOBEPXHI PI3IB

Hasedeno ananisz icnyouux cnoco6ig 1a3epHoco pizanHs ma npeocmasieHo 0cobIu8ocmi KOHCMpPYKMUGHO20 ma mexHo-
JIO2ITMHOCMI 600CKOHAIEHHS, NPOYECy 30 PAXYHOK BUSTIAONCYS8AHHS NOBEPXHI pi3ie. EKcnepumenmanbhi 00CHiONCEeHHs, NOIseanu
6 NOPIGHAHHI GNIUBY POZMIDIE BUSTADNCYBANLHOL KVIbKU HA AKICMb 00pobienol nosepxui. Bcmanosneno, wjo nepigHocmi Ha
NOBEPXHAX Pi3i6, 0OPOOIEHUX KYIbKAMU PIZHO20 Olamempa, 0ehopMyombcs Matidice 00HAKOBO, Xoua Cliou 80 I1A3ePHO2O pi-
3aHHA CKpi3b 3anuwaromocs. Tloxkasani pesynomamu enaugy oiamempa KyibKu HA 3MIHY MIKpOmMEepooCcmi ma mogujuHy amiy-
HEHO20 Wapy, a MAaKoX#C BETUUUHY MAKCUMATbHO20 3ATUULKOB020 HANPYICEHHS HA NOBEPXHI PI3y NIC/Is BULTAOIHCYBAHHA MA 2TU-
OUHY YUX 3ATUWKOBUX HANPY#CceHb. Po3wupenns yHKyionarbHocmi iCHYIOU020 HA PUHKY J1A3€PHO20 0ONAOHAHHA NOAAAE Y
MOOepHI3ayii 3a paxyHoK 6CMAHOBIEHHA NPUCIPOTO OIS BULTAOIICYBAHHSA HA PYXOMY KAPEMKY, 0e PO3MILeHa 1a3epHa Goxycy-
toua eonoska. Ipu ybomy KyneKo8uil IHCMpymMeHm npu USAA0IICYBAHHI NEPEMIuy8ascst NO KOHMYpPY 0emaii 3a iHuolo npozpa-
MOI0, HIDIC npu 2a301a3epHill pisyi, Mak wob KOHmMyp pyxy iHcmpymenmy 6ye ekeioucmanmuum 0o eupizanoi oemani. Konc-
MPYKMueHe po3mauty8anis nPUCMpoIo OJisi GUNAONCYBAHHS BULYe MOYKU (POKYCYBAHHS I1A3EPHO20 UNPOMIHIOBANHS He 6y0e
nepewKo0Hcamu onepayiam KOHMypHo20 2a301a3ePHO20 PI3AHH.

Ilpedcmasneni mexHono2iuHi ma KOHCMPYKMUGHI piuleHHs. 003601510Mb SHUSUMU 8APMICMb 8UPOOY 3d PAXYHOK 3HU-
JHCEHHsL MPYOOMICIKOCHT NOOANBULUX CTIIOCAPHUX POOIM 8 pe3yTbmami 3HUMCEHHS, WOPCMKOCHI NOGePXHI pi3y ma 0arms Mo-
Hcaugicmv ompumamu 0emaJi 3 Oinbuor Miynicmro ix nogepxwi npomu emomu. MamepianvHi 3ampamu Ha 6UKOHAHHA MAKOT
MOOEpHI3ayii Ha KibKa NOPAOKI6 HUNCHT 6APMOCMI CAMO20 JIA3ePHO20 0ONAOHAHH.

Knrouoei cnosa: nasep, mexnonociunuii npoyec, pisxa, niacmuuna oegpopmayis, cxema o6poOKu, MoOepHizayis.

Puc.: 9. bion.: 12.

AKTyaJIbHICTh T€MH JAOCJIIIKeHHA. Y CydyaCHOMY BUPOOHUITBI HAa3BUUaHO BaXJIMBO
BHUKOPHCTOBYBAaTH MaJIOBIAXOAHI TEXHOJOTIYHI TPOLIECH B PI3HUX Traly3saX NpoMuciaoBocti. Of-
HUM 13 KJIFOYOBHUX TaKUX HAIPSIMKIB € pPO3poOKa BUCOKOIPOAYKTUBHUX 1 €KOJIOTTUHO YHUCTHX
METO/IIB pi3aHHs MaTepiaiiB, 0cOOIMBO B MAIIMHOOYyBaHHI Ta MpHiIa100y1yBaHHI, Jie 3yCTpi-
YalOThCS CKJIaJIHI KOHTYPH JIeTallel 13 BaKKOOOPOOIIOBaHUX MarepiaiiB. Takoro TEXHOJIOTIE0
€ JTa3epHe pi3aHHs MeTaJiuHuX MarepianiB. OJHaK y IpoIleci TAKOro pi3aHHs 3a3HA€ 3HAYHOTO
TEPMIYHOTO BIUIMBY Kpail BUPI3aHO1 JieTalli, TOMY JOCHUTb YacTO MOBEPXHS KPAWKH Ja3epHOTO
pi3y noTpelyroTh 10AaTkoBOi 00poOku. ToMy po3poOka KOMOIHOBaHUX TEXHOJOT1H, SIK1 BKITO-
YaroTh J10/1aTKOBI1 (DiHIIIHI omnepallii MOKpalleHHs SKOCT1 MOBEPXHI pi3aHHs MiCIs OCHOBHOTO
Ja3epHOTO Pi3aHHS € aKTyaJIbHOIO 33/1a4€lO0.

ITocranoBka npodJjemMu. Y poii Takoi (GiHIIIHOI orepallii HaMH 3alpOIIOHOBAHO 3aCTOCYBATH
KyJIbKOBE BUIIQ>KyBaHHsI IOBEPXH1 OTPUMaHKX Ja3epHUX pi3iB. Bigomo, 1110 B MammmHoOy1yBaHH1
B)KE KUJIbKa JAECATHIITH YCIIIIHO 3aCTOCOBY€ETHCS TEXHOJOT 1Sl BUINIA/KyBaHHS 00po0III0BaHOI TO-
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BEPXHI1 KyJIbKaMH, sIKa JI03BOJISIE OTPUMYBATH 111 TIOBEPXHi 3 MiIBUIIICHOIO MIIHICTIO, MAJIOO IIOP-
CTKICTIO Ta BUCOKOIO CTIHKICTIO /1O aOpa3uBHOIO 3HOIIYBaHHS 1 BTOMU. BUIIa/pKyBaHHS KylIbKaMy
€ EKOJIOTIYHO OE3MEeYHUM METOIOM 0OPOOKH, OCKIJIBKH HE YTBOPIOE CTPYIKKH, ICKOP Ta TIHITY,  Ta-
KOXX JIO3BOJISIE 3MEHIIIUTH BUKOPUCTAHHS OXOJIO/KYBAJIbHUX PiIMH 1 MAaCTHIbHUX Marepiaiis. [Ipu
00poO1Ii ckIamHONMPO(UTFHUX AeTanel THCTPYMEHT JUIS BUITIA/DKYBAHHS PYXA€ThCs MapajieIbHO
a00 TepIIeHAUKYIISIPHO 10 CIIJIIB, 3aIMIIEHUX IMICisl TonepeaHboi 00pooku. [1omiOHi cimiau B Ha-
IIOMY BHIIAJIKy MaIOTh BUIJIL OOpPO3€H Ha ITOBEPXHI MICIS Ja3€PHOIO Pi3aHHS.

Takuii miaxia 3a0€e3MeYnTh MOKPAIIECHHS SIKOCTI MMOBEPXHI KpaloOK Pi3iB MICIS OCHOBHOTO
Ja3€pHOTO Pi3aHHS.

AHaJi3 ocTaHHIX JoCaiIKeHb i myOaikamiii. JlazepHe pizaHHsa MaTepialiB BiIPI3HIETHCS
B1JI TPAIMIIIMHUX METOIB TaKUX, IK KUCHEBE, TUIa3MOBE a0o0 Tiipoabpa3uBHe pizaHHs. JlazepHa
TEXHOJIOT1s 3a0e31euye BULLY IPOAYKTUBHICTb, I03BOJISIFOYM BUKOHYBATH PO3Pi31 MEHIIOT 1K~
PUHH Ta Kpamioi sSIKOCTi. 3aBIsSKU IIbOMY 3MEHINYIOTHCS BTPATH Marepialy Ha 3aroTiBebHUX
omeparisx. Kpim Toro, yrazepHa pi3ka Mae 4UCICHHI IEpPEBard, Taki sSIK BHCOKa KEPOBAHICThH
€HepreTUYHUMH TTapaMeTpaMy Ta MPOCTOPOBUM ITOJIOKESHHSM JIA3€PHOTO MPOMEHIO, MOXKIIH-
BICTh BHCOKOKOHIICHTPOBAHOTO ()OKYCYBaHHS, a TaKOXXK OC3KOHTAKTHOI il BUIPOMIHIOBaHHS
Ja3epa Ha 3aroToBKy. lle Hajgae rHYUKICTh y NepeHaNAlITyBaHHI PEXUMIB Pi3aHHS, a TaKOK
3a0e3reuye JIerKy aBToMaTHu3ailito mporecy [1].

JlazepHe pizaHHS 31MCHIOETHCS 3 BUKOPUCTAHHIM KOAKCIaJbHOI'O IMOTOKY JOMOMIXHOIO
TEXHOJIOTIYHOTO ra3y, 110 BIJOME 5K ra3zojia3epHa pi3ka. ['a3 mogaeTbcsi B 30HY pi3aHHS OHO-
4acHO 31 COKYCOBaHUM JIa3epHUM IIpoMeHeM. BiH 0X00/pKy€ pi3aibHy AUISHKY, 3SMEHIIYIOUH
TEIUIOBUH BIUIMB HA KpalKu pi3y, 1 BUAAJSE pO3IUIABICHUN UIAK 3 Pi3y. SIKIO K BUKOPUCTO-
BYETHCSI KHCEHb SIK TEXHOJIOTIYHHI T'a3, TO €HEPTis Ja3epHOro MPOMEHIO IiICHITIOETHCS 3a pa-
XyHOK €K30T€PMIYHOTO TEeIUIa, 1110 BUHUKAE MIPH 3TOPSIHHI METANy B CEPEAOBUIII KHCHIO [2].

[Tpu KOHTYpHOMY Ja3epHOMY pi3aHHI METaJEBHX JIUCTIB OCOOJIIMBO BAXJIMBA SKICTh Pi3y.
CrieniasibHi CTaHAAPTH BU3HAYAIOTH TEPMIHOJIOTII0, KPUTEPIl OIHKH SKOCTI pi3aHHsA, Kiacudi-
Kallilo 3a AKICTIO Ta JOMyCTHMI BiaxuieHHs. CTaHIapT, 3aCTOCOBYBaHHUM JIsl Ja3€pHOIo pi-
3aHHs MarepiajiiB TOBUIMHOIO Bi 0,5 10 40 MM, OIIHIOE AKICTb Pi3y 3a TAKUMHU HapaMeTpamH,
SIK TEOMETPisl pO3pi3y, IKICHUI CTaH MOBEPXHI Pi3y Ta XapaKTEPUCTHKH 3MiH BIACTUBOCTEN Ma-
Tepiaiy Ha Kpaiikax 1poro pisy [3; 4].

ABTOpaMu TNPOBE/IEHI MOIIYKOBI JTOCIIIKEHHs BIUIMBY JOJATKOBOi Onepariii BUITIaJKY-
BaHHsI MOBEPXHI JIa3epHUX Pi31B HA MIIBUIIEHHS IXHIX SIKICHUX XapaKTEepUCTHK [5].

BuaijieHHs1 HeqoCHizKeHHX YACTHH 3arajbHoi mpodiaemu. [lomanbmie mocimimpKeHHS
BIIMBY MapaMeTpiB KyJbKOBOI'O BHUIVIA/UKYBaHHS Ha SIKICTb JIa3epHUX pIi3iB mependadae BU-
BUEHHS 3aJIe)KHOCTI TapaMeTpiB Kpaiok pi3iB Bij AlaMeTpa IUX KyJboK. Takoxk MoTpiOHO Mpo-
BECTH pO3pOOKY BapiaHTIB KOHCTPYKTOPCHKOTO PIIICHHS ISl pealiizallii 3anmponoHOBaHOI KOM-
01HOBAHOT TEXHOJIOTIT HAa ICHYIOUUX MPOMMCIOBUX JIa3€PHUX TEXHOJOTTYHUX KOMIUIEKCAX

MeTo10 €TaTTi € BU3HAYSHHS MOXJIMBOCTEN BIOCKOHAJIEHHS MPOLIECY JIA3EPHOTO pi3aHHs
METaJliB 3 BUKOPUCTAaHHIM KOMOIHOBAHOT'O MPOLECY JIa3epHOro pi3aHHS 1 KyJbKOBOIO BHUIJIA-
JOKYBaHHS TOBEPXHI JIA3ePHOT0 Pi3y Ul MiJIBUIIEHHS SKOCTI OTPUMaHHUX Kpaiok pi3iB Ta 3a-
Oe3rnedyeHHs MiIBUILIIEHHS MIIIHOCTI IPOTH BTOMHU TPH €KCILTyaTallii TakuX JAeTaiei.

BuxkJan ocHoBHoro marepiaJy. Ilicns nazepHoro pi3aHHs OBEpXHS HaOyBae MEBHI Hepi-
BHOCTI (puc. 1). L{i HepiBHOCTI BUIMISIAIOTh K HAMIBKPYTIl KaHABKHU 200 pudieHHs (00pO3HN)
1 BUHUKAIOTh BHACHIJOK (pOopMyBaHHS C(HOKYCOBAHOTO JIa3€pPHOTO MPOMEHIO, MIBHAKOCTI pi-
3aHHA Ta 0COOJIMBOCTEN BUAAJIECHHS PIKOTO METaIy 3 MOPOKHUHU pi3y. [Ipu oMy nmoBepxHs
P13y Mae€ 1B 30HU: BEPXHIO, 110 3HAXOJUTHCS B 00J1aCT1 BXOY JIa3€pPHOTO MPOMEHIO B 3aTOTOBKY,
3 6opo3namu mupuHOoo Bix 0,1 10 0,2 MM, Ta HIKHIO — 3 OUIBII Tpy0OI0 MOBEPXHELO, IO Mic-
TUTH BIJIKJIQJIEHHS 3aTBEPIOrO PiKOro MeTany Ta muiaky [6]. Ha HukHIX Kpaiikax po3pisy
TaKOXX MOXe OyTH MPHUCYTHIN Ipatr, TOOTO 3aAMPKHU Yy BUIVISI 3aTBEPAUIMX HAIUIUBIB po3pi3a-
HOTO MeTajy Ta ioro okcumuis [7].
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Puc. 1. Ocnoeni po3mipni ma axicni napamempu npoyecy ida3epHo20 pi3aHHs:
S — moswuna memany, wo pospisacmocs, b — wupuna ompumanozo pizy;
Rz — wopcmkicms nosepxui pizy, hr — sucoma rpamy

[Momanpiie KOCHiHKEHHS BIUTUBY TEXHOJIOTIYHAX PEKUMIB Ha PO3MIpHI Ta SKiCHI MTOKa3-
HUKH TPOIIECY JIA3EPHOTO Pi3aHHs, a TAKOX PO3poOKa HOBUX METOIIB BIOCKOHAJICHHS IIi€l Te-
XHOJIOTI1 Ta OOJIAJTHAHHSI € BaXJIMBHM [Tl IIUPOKOTO BIIPOBAKEHHS IIi€1 TEXHOJIOT1 Y BUPOO-
HUITBO. OHUM 13 HOBHX METOIB BIOCKOHAJICHHS IPOIIECY JIa3ePHOT0 Pi3aHHS € Po3poOKa
KOMOIHOBaHHMX TEXHOJIOTIH, SIKi BKJIFOYAIOTh JONATKOBI (iHIIIHI oreparii micist OCHOBHOTO pi-
3aHHS JIa3epOM.

ITig yac oOkaTyBaHHs IVIajKa 3arapToBaHa KyjIbKa 3 IEBHUM 3yCHUJUISAM IPUTHCKAETHCS J10
HOBEpXHI, AeopMyrouH 1i. BaxxauBy posib y JOCATHEHH] NOTPiOHOT IKOCTI HOBEPXHEBOT'O APy
BIJIITpa€ TUCK, IKUI CTBOPIOETHCS 3yCHIUISIM PUTUCKAHHS KYJIbKH J10 IOBEPXHi, 3a0e31euyoun
HEOOX1/IHy BEJIMUUHY HaTATy Sa. 3yCHIUIS BiJl TAKOTO TUCKY Ma€ OyTH JOCTaTHIM s 3abe31e-
YeHHsI He0OX1THUX 3MIH TIOBEpPXHI i3y, ajie HAAMIPHUM TUCK a00 BeIMKa KUJIbKICTh MPOXOAIB
IHCTPYMEHTY MOXYTb IOIIKOAUTH MOBEPXHIO 1 BUKIMKATH BIIIAPYBAHHS OKPEMHUX 11 TIJITHOK.
J1st 00poOKH pi3iB y TOBCTHX 3arOTOBKaX BUKOPUCTOBYETHCS TaKUM caMHM KyJIbKOBHI 1HCTPY-
MEHT, aJie JOJIaTKOBO 3aCTOCOBY€EThCS TIONIEPSUHHI PYX 3 iIHTepBaIoM momadi Sf.

IIpoTe oOkaTyBaHHSIM HE MOXHA BUIIPABUTH PO3MIpHI NOXUOKH, 1110 BUHUKJIM Ii]] 4ac Mo-
nepeaHbo1 00pOOKH 3ar0TOBOK, TOMY OCHOBHA 00po0Ka (B HaIlIoMy BUMAJIKy KOHTYPHE Jla3epHe
pi3aHHs) MOBUHHO OyTH TouHMM. OOKaTyBaHHS X BIUIMBA€ TUIBKUM Ha MIKPOHEPIBHOCTI 0e3
3MIHU po3Mipy JeTaii. BripoBa/pkeHHS BUINIAKYBaHHs KyJbKaMH MiJBUILY€ "(QyHKIIOHATb-
HICTB" 00p00JIEeHOT TOBEPXHI, sIKa Kpallle BUTPUMY€ KOHTAKTHE HABAaHTaKEHHSI Ta MAa€ MEHILIUH
TpHOOJIOTIYHUI 3HOC, 0COOINBO, y MPUCYTHOCTI MacTua [8; 9].

BurnamxyBanbHi IHCTPYMEHTH, sIKI BUKOPUCTOBYIOTh MPY>KH1 €IEMEHTH JIIS [iepeaadi 3y-
CUJIJIS, 3a0€3MeTyIOTh CTa01IbHI YMOBH 0OPOOKH B Oy/Ib-sKiil TOYIl TOBEPXHI Ta JO3BOJISIOTH
peTyIIOBaTH CHITY BUIVIA/DKYBAHHS. Y HAIl 9ac HAUTIOMIUPEHIIIUM CITOCOOOM BUTIIAKYBaHHS
€ METO/1 BUIIIQJPKyBaHHS 3 MPYXKHHUM 1 )KOPCTKUM 3aKpIiIUIEHHSIM iHeHTopa. Taki iHIeHTOpH
nependayaroTb CTBOPEHHS KOPCTKOTO KIHEMAaTUYHOTO 3B'A3KY MiXk I[UM IHCTPYMEHTOM 1 00-
pOOIIIOBAHOIO JIETAJUIIO, IO 31IHCHIOETHCS BTUCKAHHSAM POOOYOi YAaCTHHM 1HJAEHTOpa B Je-
Tajb, 3a0€3MeUyoun CHJIOBUH BIUIMB 1 IUIACTUYHY JedopmMaliito marepiainy. Huni € Gararo
IPONO3UIIiH BiJ pi3HUX BUPOOHUKIB TaKuX 1HCTpyMeHTiB. Ha puc. 2 nmoka3zaHo npukiaj 36i-
pHoro iHnentopa [11].
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Puc. 2. Ilpuxnao comoeozo 00 8UKOpUCmManHs 30ipH020 BUSTA0NCYBAYA
3 NPYAHCHUM 3AKPINJIeHHAM IHOEHMOopa

3 ornsy Ha BUILE3a3HAUYEHU aHai3, HaMU OyJI IPOBeIeH] eKCIEPUMEHTH Ta OTPUMaHi
Pe3yIBTATH 1010 BAOCKOHAJICHHS TEXHOJIOT1] pi3aHHsI J1a3epOM METAIIB i3 3aCTOCYBAHHSM J10-
JaTKoBO1 (DiHINIHOT omeparii KyJbKOBOIO BUIJIa/KyBaHHs KpaioK pi3iB IiCJI OCHOBHOIO Ia-
30J1a3€pPHOTO pi3aHHA. Y TpoIieci ekcnepuMeHTiB BukopuctoByBaBcs Nd:Y AG-nazep momeni
DYO044, Bupobnenuii kommnaniero “Rofin-Sinar” (HimeuunHa), 3 MOTY>KHICTIO BHIPOMIHIO-
BaHHA 710 4,4 KBT Ta JTOBXWHOIO XBWJII BUNpoMiHIOBaHHS A = 1,06 mxwm [11; 12]. Ha puc. 3
NIOKa3aHOo 3arajbHUN BUITISAA Ja3epHOi YCTAaHOBKH Ta TEXHOJIOTTUYHUI MOAYIIb 3 CUCTEMOIO (O-
KyCyBaHHS JIa3€PHOTO BHIIPOMIHIOBAHHS 1 KOAKCiaJIbHOIO IMOJAYEI0 JOJATKOBOTO PiXKY4Oro
rasy, Ha sIKiii IpOBOJIMIIOCS Jla3epHE pi3aHHs JJIs1 OTPUMaHHS 3pa3KiB Pi3iB.

a

Puc. 3. 3acanvuuii suenso Nd:YAG-nazepa mooeni DY044 pasom
3 MEPMIHAIOM KepYySanHs (@) ma mexHoI02IuHULL MOOYIb i3 CUCMEMOIO (POKYCYBAHHSL
JIA3ePHO20 BUNPOMIHEHHS | KOAKCIATbHOW NOOAYer0 mexHoI02iuHo20 2azy (6)

JlazepHe pi3aHHS B IbOMY €KCIIEPUMEHTI MPOBOMIIOCS TP HACTYIHUX MapaMeTpax: pe-
rylbOBaHUN Jiama3oH mnotyxkHocTi - 0,8...4,0 kBT; noBkHMHa XBWJII BUIPOMIHIOBAHHS -
1,06 mxM; Ge3niepepBHUN peKHM POOOTH Jiazepa; po301KHICTE IPOMEHIO — MEHIIIE HiXK 4 MpaJt;
MOJIOBHH CKJIaJ BUIpOMiHIOBaHHS - TEMoo; kpyroBa nmossipu3anis BUIIPOMIHIOBAHHSL.

JIs Hammx 11iteid Oyimo o6paHo ONTUMAaNTBHY MOTY>KHICTB Jlazepa Ha piBHI 1500 BT. O6'extB
cucteMu OKycyBaHHs MaB ()OKYCHY BificTaHb - 125 mm. Jliametp coruia it mojayi ra3y CTaHo-
BUB — 1,5 MM. Marepianom [1st ekcriepuMenTiB Oyia crainb 45. [Tomaay poGodoro rasy, skum OyB
KHCEHb, 3a0e31euyBaB pi3ak Ui Ia30Ja3epHOro pi3aHHsI. YMOBU €KCIEPUMEHTY BKIIIOYATIH BH-
KOpUCTaHHS poOodoro ra3y npu tucky mo 0,8 MIla. [Ipu nibomy nazepHuil TIPOMiHB CIIPSIMOBY-
BaBCS Ha BEPXHIO MOBEPXHIO IJIACTUHM O€3 3aHYpPEeHHS TOUKU (oKyca B IMHMOUHY pi3y. PizanHs
3IIACHIOBAIIOCS HA 3pa3kax TOBIIWHOO 4 MM IPH IIBHIKOCTI pizanHs y 2,0 M/xB. Ha puc. 4 1o-
Ka3aHO BUIVIAJ MOBEPXHI pi3y Micisl ra30J1a3epHOro pi3aHHs 3a 3a3HAYCHUX YMOB 00POOKH.
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Puc. 4. Buenao nogepxui pi3y niciis nazepno2o pizanusa cmani 45

[IopcTKiCTh MOBEPXHI OLIHIOBANACS MUIIXOM BHUBUCHHS Pi3iB, OTPUMAHHUX y PE3yJbTaTi
eKCIIEpUMEHTAIbHUX JOCIIJKEHb, 3 BUKOPUCTAHHIM CTaHapTHOIO ITapaMeTpa opCcTKoCTi Rz
(cepenHs BUCOTa HEPIBHOCTEH 3 IECATH BUMIPIiB) Ta CEPEIHHOr0 apU(PMETUIHOTO BiIXHIICHHS
npodino Ra. BumiproBaHHs TPOBOAMIIMCS HAa HEOOX1THMX BIJICTAHAX BiJl BEPXHBOI MOBEPXHI
3aroTOBKH, 100 OTPUMATH CEpPEeTHE 3HAYEHHS IIOPCTKOCTI MOBEPXHI 3 YpaxyBaHHSM KOXKHOT
TUTSTHKY 3pi3y. MIKpOCTPYKTYpY 3pa3KiB AOCTIIKYBAIH 33 JOIMIOMOT0I0 MeTanorpadiyHoro mi-
Kpockora. BumiproBaHHsI MiKpOTBEpAOCTI IPOBOAMIIM 32 METOAOM Bikkepca Ha metanorpadi-
YHUX 3pa3Kax, HiATOTOBIEHUX 3T1HO 31 CTaHAAPTHUMH IPOLEYyPaMU, BUKOPUCTOBYIOUH MiK-
poTtBepmoMip 3 HaBaHTaxeHHs M Ha iHaeHtop 50 r (HVO0,05). 3a pesynbraramu BUMiprOBaHb
MiKpoTBepAocTi BusHadanu 3minu TBepaocti HV0,05 ta ToBuuHy 3MilIHEHOTO 1mapy gh. 3aiiu-
IIKOB1 HAIPY>XCHHS B TOBEPXHEBOMY IIapi 3pa3KiB BU3HAYAINCS Ha OCHOBI Aeopmartiii, BUsB-
JIEHUX TIPU 3HATTI MOCIIJOBHUX IapiB METaIy 3a JOIOMOI'0OI0 XIMIYHOTO TpaBieHHs y 4 % po-
34MHI a30THOI KHCJIOTH Ha chemianbHoMy cTeHmi. st BumiproBanHs nedopmairiii 3pa3ka
BUKOPHCTOBYBaBCSA U(PPOBUI JaTYMK, BUMIPIOBAJIbHUI HAKOHEUHUK SIKOr0 OyB Y KOHTAKTi 3
MOBEPXHEIO MTPOTPABICHOTO 3pa3Ka. 3aJUIIKOB]1 HAMPY>KEHHs] B MAKCUMAaJIbHIM TOYIIl TTO3HAYa-
JMcA K oMaX, a NMMOMHA CTUCKAIOU0-PO3TATYIOUHUX HAPYKEHb — SIK Jo.

Panime Hamu Oynu BUBYEHI Ta OIMyOIIKOBaH1 3aJ1€KHOCTI BILUTUBY 3yCHJLISL IPUTHUCKAHHS
KYJIbKH J0 BUIVIA/DKYBaHOI MOBEPXHI Sa (CHJIM HATATY) Ta iHTepBaly mornepedHoi noxadi Sf Ha
mopceTkicTh Ra Ta Rz moBepxHi razonasepHoro pi3y, Ha 3Miny Mikpoteepaocti HV0,05 ta ToB-
IIMHU 3MILIHEHOT0 MIapy gh, a TAKOXK Ha BEIMYUHY MAKCUMAJILHOTO B1JI’€MHOTO 3aJIUIIKOBOTO
HaNpYyKEHHS Omax Ta NIMOMHY HOTO po3TallyBaHHS BiJ MOBEpXHI pi3y Js.. [IpoBeneHi excnepu-
MEHTH TOKa3alM, L0 ONTHMaJbHI PEXHUMM KYJIbKOBOIO BHIVIAJKyBaHHsS IOBEPXOHb pi3iB,
OTPUMAaHMX TPU Ta30Jla3epHId pi3il ctam 45, MarOTh Takl 3HAUCHHS: BETWYMHA HATATY —
Sa =0,25...0,30 MM, BeTuurHA KPOKY morepedHoi moxaui - Sf=0,15...0,20 mm [11].

[TpomoBKeHHS eKCTIEPUMEHTAIBHOTO JOCIIKSHHS, IPEICTaBIICHE B Il CTATTI, OJISITAI0
B [IOPIBHSAHHI BIJIMBY PO3MipiB BUINIA/PKYBaJIbHOI KYJIBKH Ha SIKICTh 00po01eHoi noBepxHi. s
1[bOTO MOPIBHIOBAJIMCS MOBEPXHI, 00pOOJIeHI KyJIbKaMU pi3HUX AlamMeTpiB - 6 MM, 10 mm Ta 15
MM. BeTaHoBieHO, 1110 HEPIBHOCTI Ha MOBEPXHAX Pi3iB, 00pOOIEHUX KyIbKaMU Pi3HOTO Jliame-
Tpa, 1edOpMYyIOThCSl Maii’ke OJHAKOBO, X04a CIITU BiJ JIAa3€pHOTrO pi3aHHs CKpi3b 3ajMIla-
10ThCsl. Hanpukiaa, npyu BUKOPUCTAaHHI KYJIbKH J1laMeTpoOM 6 MM CIIOCTepirajgocs 3Ha4He 3Me-
HIIEHHS PI3HUILB y HEPIBHOCTSAX MDK BXIJIHOO Ta BHUXIJHOK 30HAMH, aj€ BEPUIMHHU
HEpPIBHOCTEN 3aJIMIIAIKMCS JIMIIE YAaCTKOBO 3MIapkeHMMHU. Kynbka niamerpom 10 M 3abe3me-
yyBaJjia OlIbII CYTTEBE CILTIOLTYBAHHS JiHII 00p03€eH, X0ua pi3HUIIS B HIOPCTKOCTI MK 30HAMHU
BXOJy Ta BUXOJy JIa3€pHOT0 MIPOMEHIO BCe 11 OyJia MOMITHA.
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[TopiBHSTHHS TOBEPXOHB, 0OPOOJIEHUX Ky/IbKaMu JiameTpamMu 6 MM Ta 15 MM, mokaszasio,
10 MAaKCMMaJibHa BUCOTA MPOQLII0 MOBEPXHI, OTPUMAHO]T 3a JOIOMOTOI0 6-MUIIMETPOBOI Ky-
abpKH, pubnmu3Ho Ha 30 % MeHIa, HiX BHCOTa NMPH BUKOPUCTAHHI 15-MiTiMETpOBOi KyJIbKU
(puc. 5). IloBepxHs, 0OpoOieHa KylbKOIO AiaMeTpoM 6 MM, Mana OuUIbII IHTEHCUBHE 3IJIa-
JOKEHHST MDDK BUCTYIIaMHU Ta 3araJIMHAMH TIOPIBHSIHO 3 TTIOBEPXHEI0, 0OPOOICHOI KYJIBKOIO Jia-
MeTpoM 15 mm. HaitGinbpima BucoTa moBepxHi micisi 0OpoOKH KyJIbKOIO JiaMeTpoM 6 MM 3MEH-
mmiacs Otk HiXK Ha 60 % y MOpIBHSAHHI 31 3HAUEHHSM MICHS pi3aHHS JIa3€pOM, TOJI SK
00po0Ka KyabKOIO JiaMeTpoM 15 MM 3HHM3WIIA 11ei MoKa3HUK MeHI Hixk Ha 50 %.

Ra, Rz,
MKM - MKM
a=4,65 MKM _ =
Re=50;0 sst ANs Na3epHoro pisy

4,0 ' 40

3,0 30

2,0 20
6,0 10,0 15,0 dk mMm

Puc. 5. Bnnuus diamempa kynoku dx Ha wopcmxicms Ra ma Rz nicns eazonasepuoi pizku
3 nooanbuuM Kyiokoeum euenaodicyeannam ons Sa = 0,25 mm ma Sf = 0,20 mm

Ha puc. 6 moka3aHo pe3yJIbTaTH BIUIMBY JiaMeTpa Kyibku dr Ha 3MiHy MikpotBepaocti HV0,05
Ta TOBIIMHY 3MiIHEHOTO 1mapy gh. Haitbinbie 301bIIeHHS MiIKPOTBEPAOCTI CIIOCTEPIrajocs s
KyJIbOK JIiaMeTpoM 6 MM, TOJII SIK MAaKCHMaJIbHA TOBIIMHA 3MIIHEHOTO IIapy BiJIOBiJaIa Kyllb-
kam jgiamerpom 15 mm. 3minu B mikporsepaocti HV0,05 Ta ToBmHI gh 3yMOBIIEH] 301TbIICHHSIM
pajiyca KpUBU3HH KyJIbOK 13 OUTbIIMM AiameTpoM. OJHAK CiliJ] 3a3HaYUTH, 10 B PO3NITHYTOMY
niana3oHi giaMetpiB Kyinbok 3MiHM HV0,05 Ta gh Oynu HezHauHuMH. JlociiPKeHHS TOKa3ailH, 1110
MaKCHUMaJIbHE 301IbILIEHHS MIKPOTBEPAOCTI JJIs 3pa3KiB 31 cTaii 45 craHoBmio MeHe 3a 20 %.

St I ! I gh,
g::gbo:;?: - ANA Na3epHoro pisy MKM
700 - "
0\( - /
. 8n
/7 .
650 2 -
¢ d HYV0,05
600 u =
o0 100 150  dk mm

Puc. 6. Bnuus oiamempa kynoku dx Ha 3miny mikpomeepoocmi HV0,05

ma mosuwjuHu 3miyneno2o wapy Qn 014 3pasKie nicis 1a3epHo2o pi3anus
ma 3 Kyiokogum sueaaoxcysannsim npu Sa = 0,25 mm ma Sf = 0,20 mm

ExcriepuMeHTanbHi JOCHTIHKEHHS TAKOXK MOKA3aJIH, IO 31 301bIICHHAM JiaMeTpa KyJIbKI
a0COTFOTHA BEJTMYMHA MAaKCHMAJBLHOT 3QJIMITKOBOT HAMIPYTH Omax 3MEHITYEThCs. Lle mosicHio-
€THCS 30UIBIICHHSIM pajiilyca KPUBU3HU KYJIbKH Ta 3HWKEHHSM TUCKY Ha OJIMHUITIO TuToti. Of-
HOYACHO 3 IUM 30UTBIIYEThCS TIMOMHA MPOHUKHEHHS CTUCKAIOUUX 3aJUIIKOBUX HAMpPYKECHb
Oh (puc. 7). Ilpu BUKOpHCTaHHI KyJIBbKH AlaMeTpoM 15 MM rimuOuHa IPOHUKHEHHS CTUCKAIOYHUX

3QITMIIKOBUX HAMpyXeHb Oyna mpuOiau3Ho Ha 22 % OibIIor0, a BETWYMHA [IUX HAMPYKEeHb Ha
~ 17 % MeHII1010, HIXK I KYJbKH JT1aMETPOM 6 MM.
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Omax, g
- y : G
Mila O'nos.=+130 Ma "
- ANS Na3epHoro pisy
-400 » 0,4
q P X
y 4 \Eo
-350 > 0,35
P / " 9 max
-300 > 0,3
60 10,0 150 dk mm

Puc. 7. Bnnus diamempa Kynvku di Ha 8eIUYUHY MAKCUMATILHO20 3ATUUKOBO20 HANPYIHCEHHSL
Omax MA 2TUOUHY 3ATUUKOBUX HANPYIHCEHb G5 HA NOBEPXHIO NICJIAL PI3AHHA 1A3EPOM
ma 3 nOOANLUUM KVIbKOBUM BUSTA0HCYBAHHAM OJist Sa = 0,25 mm ma St = 0,20 mm

Ha ocHoOBi mpoBefieHUX AOCHIIKEHD 1010 BIUIMBY JiaMeTpa KyJbOK HAa BUIVIA/IXKyBaHHSI
MOBEPXOHB JIA3EPHUX Pi3iB y cTalli 45 MOKHA 3pOOUTH HACTYITHI BUCHOBKH. Kylbku giameTpom
6 MM 3a0e3Meuy0Th HaliMEeHIIly IIOPCTKICTh MOBEPXHI MIC/ISI BUNIAIKyBaHHS, 301IbIICHHS Mi-
KPOTBEPJOCTI MOBEPXHI pi3y Ta He3HauHe 3pocTaHHs (10 20 %) Big’ €MHUX 3aJIMIIKOBUX Ha-
MPY’KEHb, 110 MO3UTUBHO BILTUBAE HA 3HOCOCTIUKICTH JeTasiell 3 00pOOJICHUMH B TaKHid CIIOCiO
Kpakikamu pi3iB. OqHAK HE 70 KIHIIS 3p03yMiIO, YU € He3HAYHE 3MCHIIECHHS TNIMOWHU 3MiITHE-
HOTO MIapy Ta 3aJHMIIKOBUX HANPY>KEHb JUIS KYJIbOK MEHIIIOTO JiaMeTpa MO3UTHBHUM (haKTo-
pom. /I oTprMaHHs TOYHOI BiAIOBII HA I1€ TUTAHHS HEOOXI1/IHI JT0AaTKOBI TOCTIKeHHS. Trm
HE MEHIIIE, YK€ 3p03YMIJIO, L0 JIJIsl MPOIIeCy Ja3epHOro pi3aHHS CEPEeIHBOBYIVICIIEBUX CTaICH
3 I0AATKOBUM (DiHIITHUM BHIVIA/KYBAaHHIM MTOBEPXHI Pi3iB HAlKpallle BAKOPHCTOBYBATH 30ipHi
BUITIAKYyBadi (puc. 2) 3 niameTpoM Kynbku 5-7 MM. [loBepXHa ra3ona3epHoro pizy, oopobieHa
TaKUM 1HCTPYMEHTOM, BUIIIAJIAE, SIK TIOKa3aHO Ha puc. 8.

Jiis peasizanii KOMOIHOBAHOT TEXHOJIOTIT JIA3epHOI PI3KH 3 MOABIIAM BHIJIA/KYBAHHIM
MOBEPXHi pi3aHHS KyJIbKaMH MH pO3pPOOMIM JIBa BapiaHTH KOHCTPYKTOPCHKOTO PIllIEHHS IS
BUKOPUCTAHHS Ha ICHYIOUHX MPOMHCIIOBHUX JIA3€PHUX TEXHOJIOTTYHUX KomIutekcax (JITK).

Puc. 8. Buensio nazepnozco pisy niciisi KyisK08020 8Ueia0N#CY8AHHSL
Ha nidibpanux pexcumax oopooKu

CyTb nepiroro BapianTy 00po0Oku nojisirae B HactynHomy. Ha JITK, mo cknagaerbes 3 na-
3€pHOI0 BUIIPOMIHIOBaYa, CUCTEMH Iepeaadi JJa3epHOrO BUIIPOMIHIOBAHHS B 30HY Pi3KH, CHC-
TEMH TI0/a4l JOMOMIXXKHOTO Ta3y Ta KOOPAWHATHOTO CTOJY, MMPOBOAMTLCS JIa3epHE pi3aHHS 3a
TPagUIIHHOIO TEXHOMOTIE. [Iporpama 1uist mepeMinieHHs KOOPJAMHATHOTO CTOJTY BU3HAYAE T10-
YaTOK PI3KHU 3 33JIaHO1 BUX1AHOT TOYKH Ha 3aroToBIli. I1icis mporo BiIOyBaEThCS BUPI3AHHS -
TaJli 3a 3aPOrpaMOBaHUM Y JIa3€PHOMY BepCTari KOHTypoM (puc. 9, a).
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[Ticns 3aBepiieHHS JIa3epPHOTO pi3aHHsS BUpi3aHa JeTajlb 3HOBY BCTAHOBIIOETHCS HA KOOP-
JUHATHUHN CTUI Ha JIOJIATKOBY OIMOPY TaKUM YMHOM, 1100 JeTaiab Oyia Ha ACsKik BiJCTaHI Bij
noBepxHi croiry. Lle HeoOXiaHO /i 3a0e3MeYeHHS BUTLHOTO MEPEMIIICHHS BUTIIA[KYBaIILHOTO
iHcTpyMeHTa. [Ipu boMy JeTasib HAJIHO 3aKPIILTIOETHCS MPUTUCKAUEM 13 3ycriuisaM F.

Jlani B Ty K BUXIHY TOYKY KOHTYPY BUPi3aHOI JeTalli 3aMiCTh JIa3epHOTO pi3aka MiaBO-
JUTHCS PO3POOIICHHUI HAMH TIPUCTPI JIJIsl BUITIAKYBAHHS 3 BEPTUKAIHLHO BCTAHOBICHUM KY-
JBKOBHM 1HCTpyMEHTOM (pHc. 9, 6).

Y KOHCTPYKIIii BHIVIA[KYBAJILHOTO THCTpYMEHTY OyB mepeaOadeHuii Bad Ui BCTAHOB-
JICHHSI Ha HBOTO KYJIBKH 3 OTBOPOM 1 KaHaJI JUIs 10/Iadi MAaCTHIILHO-0XO0JIO/DKYBAILHOT PiTHHA
(MOP) y 30Hy 00po0ku. Kynbka mana obeprarucst Ha Baxy BUIBHO, aje 0e3 JodTy.

JlazepHuli

npomiHb ;
> ,
Po6oyuli
.

2as3 F
1 1 ] |74
Fk I/ ! _/
[ TR
" [ N inmif / Hemansb
7 J -
/// 3azomoska MOP ‘ JJodamkosa
i 2 oropa
lMpodykmu 0 Sf
PYyUHyeaHHsI '
a o
MosopomHa
lMonepeyHa onopa
onopa f
O6epmaHHs
3a npozpamoro
npooonbna// :

onopa

BuzanadxyeanbHul iHCmpymeHm
(36ipHuti iHGeHmop)

6

Puc. 9. Kombinosanuii memoo 1a3eprHo2o pizaHHs Memaiie 3 nOOAIbUUM KYTbKOGUM
BULTIAONCYBAHHIM NOBEPXHI 3PI3I6 GKIIOUAE: eman 1a3epHoil pisKu (a), eman ueiad’cy8aHHs
JIA3epHO20 Pi3y KYIbKOK 3 0meopom (6) ma eman 8ueiaddiCy8aHHs pizy
30 O0NOMO2010 NPOMUCT0B8020 30IPHO20 iHOeHmopa (8)

BurnamxyBanbHHIM OpUCTpiil BCTAaHOBIIOBABCS O1J11 BEPXHBOTO Kparo JeTalli 1 IPUTHUCKa-
BCS JIO TIOBEPXHI JIA3€pHOTO Pi3y 3 HEOOXIAHUM 3yCHIUIAM BUTIAKyBaHHS F.. [[ns mporo B
KOHCTPYKIIIT MOKe OyTH Mepe10ayeHuM TUHAMOMETD, SIKHI PeryatoBaB OU 3yCHILIs TPUTHCKY-
BaHHS y 33/1aHOMY Jiara3oH1 K Y OYaTKOBiM TOUIll KOHTYPY, TaK 1 B MPOIEC] BUITIAIKyBaHHS
110 BCbOMY KOHTYpY JeTai.

VY nopanbioMy KyJabKOBUH IHCTPYMEHT IEPEMILITYBABCs 10 KOHTYPY JIeTall 32 IHIIOKO MPo-
TpaMoIo, HIX MTPH Ta30J1a3epHii pi3ili, TaK 00 KOHTYP pyXy IHCTPYMEHTY OyB €KB1IUCTAHTHUM
710 BUpi3aHoi fetaii. EkBigucTanTa pyXy NOBUHHA BPaxOBYBaTH PailyC KyJIbKHU 1 BEJIMYUHY Jie-
dbopmariii moBepXHi JeTali MMiJ] 9ac BUTIA[KyBaHHS.

87



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 2(36), 2024
TECHNICAL SCIENCES AND TECHNOLOGIES

[Ticns moBHOTrO 00XOY KOHTYpY A€Talll KyJbKOBHI IHCTPYMEHT, SIKUI 3HOBY 3HAXOUTHCS
y MOYaTKOBIH TOUIII, IEPEMILIY€THCS BIIHO i3y HA BETMUYMHY MOKPOKOBOTO iHTEpBaly Sf, 1 00-
X171 1eTalli 3HOBY IMOBTOPIOETHCS. [IMKII MOTPiOHO MOBTOPIOBATH CTIJILKH Pa3iB, CKUIBKU ITPOXO-
JIiB HEOOX1HO JIJIsl IOBHOTO BUTJIA/KYBAHHS Pi3y MO BCii Horo mmOuHi. BaxkuBo Big3HAUNTH,
10 TaKa cxema 0OpOOKH JT03BOJISIE BUTTIAKYBATH SIK 30BHIIIHIN, TaK 1 BHYTPIIIHIA KOHTYD BH-
pi3aHoi gerai.

OCKUIBKHY KYJIbKa 3 OTBOPOM Y LIEHTP1 HE € AY’KE MIITHOIO KOHCTPYKIIIEI0, MU PO3pOOHIIN
111 OJTHY CXeMY OOpPOOKH 3 BUKOPUCTAHHSAM IIPOMHUCIIOBOTO 301pHOTO 1HICHTOpA (IUB. pUC. 2).
KoHcTpykitis Ay peanizamii i€l cXxeMH BKIJIOYajia MOBOPOTHY OIMOPY 3 MOXKIIMBICTIO 00ep-
TaHHSI HaBKOJIO CBOET OCi, MOMEPEUHy OMOPY, 3aKPIIUICHY MEPIEHANKYIISPHO 10 TOBOPOTHOT
OTIOPH, MO3J0BXKHIO OMOPY, 3aKPIIUICHY MapajieJbHO MOBOPOTHIN OMOPi, 1 BUTTIAIKyBaIbHUMA
npucTpiit (30ipHUH iHAEHTOP), 3aKPIIUIEHUH Y TO3A0BXKHIM onopi (puc. 9, 6). 30ipHHii iHASHTOP
OyB BCTAaHOBJICHHH Tak, 1100 Kpai HOro KyJnbKH 30iraBcs 3 BICCKO TTIOBOPOTHOI OITOPH.

Hapnauni, six i B mepriii cxemi 00poOKH, BUTTIAKYBaIBHAN IPUCTPiii BCTAHOBITIOBABCS 0111
BEPXHBOTO Kparo JeTalli Ta MIPUTUCKABCS 10 MMOBEPXHI J1a3€PHOTO Pi3y 3 HEOOX1THUM 3yCHIUISIM
BUTTIQKYBaHHS F«. BinMiHHOCTI APYyTroi cXeMu MoJsraiyu TaKoX i B 3aCTOCYBaHHI 1HIIOT TIPO-
rpaMy IepeMilleHHS KyJIbKOBOTO IHCTPYMEHTY MO KOHTYPY AeTali. Y 1bOMY BUMIAAKY 1IHCTPY-
MEHT IepeMIIyBaBCs 3a TI€I0 K MPOTrPaMoI0, IO 1 IPH JIa3epHOMY pi3aHHI JAeTai, aje 3 10/1a-
TKOBHUM 0OEpTaHHSIM MTOBOPOTHOT OTMIOPH, 11100 BUTIA/KYBAIbHUN MPUCTPIN 3aBXK/I1 3aJIUIIABCS
NEePIEHANKYJISIPHAM 10 KOHTYpPY BHpi3aHOi netani. BamMBo BiA3HAYMTH, IO BiJICTAHb MiX
TOpLIEM TOBOPOTHOT OMOPHU Ta BICCIO BUIIIA/[)KYBAJILHOTO 1HCTPYMEHTY & MOBHUHHA 3a0e3Medy-
BaTu OOpOOKY JieTane 3aJaHoi TOBIIMHU.

VYci iHII €IeMEeHTH KOHCTPYKIIIT Ta MOCIiJOBHICTh OOPOOKH 3aITUIIIAIINCS TAKUMH K, 5K 1
B IepIIii cxemi. BapTo Takox 3ayBakHTH, 110 3alIPOIIOHOBAHA JIpyTra cxema oOpoOKH ITiIX0-
JUTH JIMIIE [T BUTJIAKYBAHHS 30BHIIIHIX KOHTYPIB JeTaJIeH.

OTmxe, MOZepHi3allisl Ja3epPHUX TEXHOJIOTTYHUX KOMIUIEKCIB /i1l BAKOHAHHSA KOMOIHOBaHO1
oreparlii JJa3epHOTo pi3aHHS METaNIB 3 OIAJBIINM BUTJIAIKyBaHHAM ITIOBEPXHI P13y MOXKE I0-
JSITaTH B HACTYITHOMY:

1. ITpucTpiii 1y1st BUTIaKyBaHHS JOIUIBHIIIE BCTAHOBIIOBATH HAa pyXOMY KapeTKy, 1€ po-
3MillleHa J1azepHa GOKycyroda rojloBKa, >KOPCTKO 3B SA3aBIIU X MK c00010. OCKIIBKH KOHC-
TPYKTUBHO TPUCTPIN JJIsl BUTIIA/PKyBaHHS PO3TAIIOBAHHIA BUIIE TOYKM (POKYCYBaHHS Jlazep-
HOTO BMIIPOMIHIOBAaHHS, BiH He Oy/e MepelIko/KaTh BHUKOHAHHIO oOmepalii KOHTYpHOI
ra3oja3epHoi pi3KH.

2.'Y nporpami /sl BUKOHaHHS BUTJIa/KYBaHHS 3a MEPIIO0 CXEMOIo Tpeba nependadaTu J10-
JTATKOBY Mporpamy MepeMIIEHHs BUTTIA/KyBAJILHOTO IHCTPYMEHTA 1HIIY, HIXK JUIsl KOHTYpPY ra3o-
JIa3epHOI PI3KH, TaK 1100 KOHTYP pyXYy IHCTpyMEHTY OyB €KBIIMCTAaHTHUM JI0 BUPi3aHOi IeTali.

3. Y mporpami xk 31 CTaHAAPTHUM POMHCIIOBUM BUTJIA/KYBa4eM MOTPIOHO Mepen0aunTH
JI0JJaTKOBE 0OepTaHHs MOBOPOTHOI OMOPH, 1100 BUTIIAKYBATLHUM MPUCTPIN 32BN 3aJIUIIA-
BCSl IEPIICHIUKYIISIPHUM /10 HOpMaJll KOHTYpPY JleTalll, 110 00po0IIsieThes.

BucHoBkM. Y miJICyMKYy, 3alIpONOHOBAHUN HAMU METO/I JIA3EPHOTO Pi3aHH 3 MOIAJIbIINM
KYJIbKOBUM BUIJIaJ’KYBaHHSM IIOBEPXHI P131B JO3BOJISE MIABUIIMTH €KCILUTyaTallliH1 SIKOCTI Jie-
Tasiel, Bupizanux Ha npomucioBux JITK 3a po3po0ieHor0 HaMu KOMOIHOBAHOIO TEXHOJIOTIENO.

KpiMm Toro, 3amponoHoBana MoiepHi3allis JIa3epHOTO TEXHOJIOTTYHOTO KOMILJIEKCY 103BO-
JuIa PO3MIMPUTH HOro (YHKIIOHATBHI MOXKIMBOCTI 32 PaxyHOK 3aCTOCYBaHHs omneparii BU-
IJ1aJDKyBaHHS TTOBEPXHI BUp13aHOi Jazepom aetaini. Le, y cBoro uepry, 1aao MOKIUBICTh OTPH-
MaTh Jetani 3 Outbm "(QyHKIIOHAIbHOIO" OOKOBOIO IOBEPXHEIO MOPIBHSIHO 3 JAETALIIO,
BHUPI3aHOIO TUTBKH Jla3epoM. Taka jeTanb Mae OUTBIN 3TIaPKEHY Ta 3MIIHEHY OOKOBY IMOBEp-
XHIO, 10 3a0e3Meuye MiJBUILEHHS MIIIHOCTI JIeTajei MPOTH BTOMH Y 2...3 pa3u B MOPIBHAHHI
3 JIeTaIsIMHA, OTPUMAaHUMH TUTBKH JIA3€PHUM Pi3aHHSIM.
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BpaxoByrouw, 1110 MaTepianbHi 3aTpaTH HAa BUKOHAHHS MOJCPHIi3allii Uisi BUKOPUCTAHHS,
po3po0IeHOT KOMOIHOBAaHO1 TeXHOJIOTIT TpH BUIlycKy npomucioBux JITK Ha kibka mopsakiB
HIk4i BapTocTi camoro JITK, a moka3HUKH SIKOCTI OTPUMAHUX B TaKHid CIIOCiO jeraneit Oara-
TOPa30BO KOMIICHCYIOTh I1i 3aTPaTH, TO MIMPOKE BIPOBAKEHHS TAKO1 TEXHOJIOTII IPH BUTOTO-
BieHHI cydacHux JITK Mae mupoki mepcrneKTUBY.
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DEVELOPMENT OF A METHOD FOR GAS LASER CUTTING
OF METALS WITH SUBSEQUENT FINISHING OF CUT SURFACES

An analysis of the existing methods of laser cutting is given and the features of constructive and manufacturability im-
provement of the process due to smoothing the surface of the cuts are presented. Experimental studies consisted in comparing
the effect of the size of the smoothing ball on the quality of the treated surface. It was established that the irregularities on the
surfaces of the cuts processed by balls of different diameters are deformed almost equally, although traces of laser cutting
remain everywhere. The results of the impact of the diameter of the ball on the change in microhardness and the thickness of
the hardened layer, as well as the value of the maximum residual stress on the surface of the cut after smoothing and the depth
of these residual stresses are shown.
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Expanding the functionality of existing laser equipment on the market consists in modernization by installing a smoothing
device on a moving carriage, where the laser focusing head is placed. At the same time, for the implementation of the proposed
combined technology of laser cutting with subsequent smoothing of the cutting surface, two variants of the design solution to
the given task are proposed. The implementation of the first variant of processing provided for the presence of a shaft in the
design of the smoothing tool for installing balls with a hole on it and a channel for supplying lubricating and cooling liquid to
the processing zone. The ball tool during smoothing moved along the contour of the part according to a different program than
during gas laser cutting, so that the contour of the movement of the tool was equidistant to the cut part. The structural location
of the smoothing device above the focus point of the laser radiation allowed not to interfere with contour gas laser cutting
operations. The second scheme included a rotary support with the ability to rotate around its axis, a transverse support fixed
perpendicular to the rotary support, a longitudinal support fixed parallel to the rotary support, and an industrial smoothing
device (collectible indenter) fixed in the longitudinal support. The assembled indenter was installed so that the edge of its ball
coincided with the axis of the rotary support.

The presented technological and constructive solutions allow to reduce the cost of the product by reducing the labor
intensity of further metalwork as a result of reducing the roughness of the cut surface and make it possible to obtain parts with
greater strength of their surface against fatigue. The material costs of such modernization are several orders of magnitude
lower than the cost of the laser equipment itself.

Keywords: laser; technological process; thermal conductivity; cutting; plastic deformation; diagram of treatment.

Fig.: 9. References: 12.

Pomanenko B. B., Karmsk O. /1., Bromunia M.C. , Pomarenko M. B., €Bciokoa €. B. Po3poOka crocoby razomnasepHoi pisku MeTaiB i3
MO/IANTBIIIAM BHUTIAyBaHHSIM MTOBEPXHi pi3iB. Texniuni nayku ma mexuonocii. 2024. Ne 2(36). C. 80-91.
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OIIHKA KAPOCTIMKOCTI ATIOMIHIEBUX NOKPUTTIB HA CTAJISX,
OTPUMAHUX METOJAOM EJIEKTPOICKPOBOI'O JIET'YBAHHSA

IIposedeni 0ocniodncenHs 3 BUSHAYEHHA HCAPOCMIUKOCIT NOKPUMMIB HA CIAAX, OMPUMAHUX MEMOOOM el1eKmpPOiCKpo-
6020 nezysanns (ELVI). Bunpobyeannsa noxasanu, ujo nio 4ac UcokomemnepamypHux eKCnepumenmie 6OHuU He NoCMynarmucs
oupysitinum noxpummsm. JJocnioxcenna nepwoi cepii 3paskie 3i cmani 20 nicna animysanus memooom ELJI nokasanu, wo
3MIHU iX Macu npu BUCOKOMeMNnepamypHiti BUmpumyi O1U3bKi 3a 3HAUEHHAM 00 NOKPUMINIE, OMPUMAHUX 8 PO3NIAGI ANIOMIHIFO.
Memanoepagiunum ananizom eusnauerno, wo ELI nokpumms 3axuwaroms cmais 6i0 OKUCHeHHs. Jlocnioscenis Opyeoi i mpe-
muwoi cepiti 3pasxie (cmane 06X12H3/[J1i 12X18H10T) nicas EIJI nokaszas, wo HauKpawi NOKA3HUKU JHCAPOCMIUKOCII MAIOMb
noKpummsi nicis anmyeéants i 0sowaposi noxkpummsi Al i nixpom. Po3pobneni nokpummsi pekoMeHO08aHI 5K HcapOCMiliKL.

Knrwuogi cnoea: enekmpoickpoge n1e2y8anHts, JcapocmitiKicmy, NOKpUMmsl,; aninmy68aHHs.

Puc.: 3. Tabn.: 1. bion.: 20.

2

AKTYaJIbHICTh TeMH J0CTizKeHHsl. [TiBUIIeHHS poOOYHX TeMIieparyp AeTalieil eHepre-
TUYHOT0 00J1a/IHAaHH 1 Ta30BUX TypOiH y O€AHAHHI 31 3HUKEHHSM SIKOCTI BUKOPUCTOBYBAHOTO
NaJIMBA TPUBEIIO JI0 ITUPOKOTO BUKOPUCTAHHS TEXHOJIOTiH Moaudikamii moBepXxHi 3 METOIO 3a-
Oe3mneueHHs 30UTbIICHHS TEPMiHY cly>k0u. Bimomi MeTonu cunrtesy nudy3iiiHIUX amoMOBMIC-
HUX MOKpUTTiB [1]. TIpoTe TexHOMOTIi XiMiKO-TepMiYHOTO OOpOOICHHS MAlOTh 3HAYHI HEIO-
JKH, Takl SK 3HAYHA TPUBAIICTH MPOILIECY HACHYEHHSA, TPOMI3Ke 00JaJHaHHs, HArpiB BCiel
JieTalll, EeHePro€MHICTh, HE €KOJIOTIYHICTh TOIO. {1 HeoMiKK CpHSUIN PO3BUTKY HOBUX METO-
niB Monu(ikarii moBepXHi, 110 3aCHOBaHI HA BUKOPUCTAaHHI KOHIIEHTPOBAHUX MOTOKIB €HEPTii
Ta pedoBUHU. Haii011b111 3aTpeOyBaHuM 1 MPOCTUM METOAOM 3 TOUKH 30pY IPOMHUCIIOBOI pearti-
3awii € enexrpoickpose yeryBanHs (ELI). € Huska Baromux myOmikanii, y Skux BigoOpaxeHi
¢13uuna cytHicTh EIlJI, BukopucToByBaHi Marepiaiu, 0COOIMBOCTI (GOPMYBaHHS CTPYKTypHU
MoaudikoBaHoro mapy [2-4] Tomro. OnHak y 6inbiiocTi Bunazxis, meros ELJI 3acrocoByeThes
Jutst GOpMYyBaHHSI TBEPAUX 3HOCOCTIMKUX 1 M’ KHX MPUIPALIOBATIBHUX MOKPUTTIB, TOOTO 3 0CO-
OIMBUMHU TPUOOTEXHIYHUMU BIACTUBOCTSAMH, a00 JUIsI BIHOBJIEHHSI 3HOLIIEHUX OBEPXOHb. [11-
TaHHS BUKOPUCTAHHS €JIEKTPOICKPOBUX 3aXUCHUX KOPO3IMHOCTIMKMX 41/ab0 ®KapOCTIHKUX IO~
KPHUTTIB € BIAKPUTHM 1 IOTpeOy€e MOAANBIION0 JOCITIIKEHHS.

IMocTranoBka npoodsemu. [Tokputts Ha ocHoBi Cr, Al 1 Si, sik okpemo, Tak 1 B KoMOiHaIiii,
BiJIOMi JaBHO i BAKOPUCTOBYIOTH iX IS MiABHUILEHHS CTIMKOCTI MaTepialiB A0 BUCOKOTEMIIepa-
TYpPHOI KOpPO31i, BKJIFOYAIOYH BUCOKOTEMITEpATypHE OKUCIICHHS 1 Tapsady KOpo3it0, epo3ito, epo-
31i{HO-KOpO3iiiHy B3a€MOIi10, 3HOC 1 TEpMIUHY Aerpazanito. [ToKpUTTs 3 BUCOKMM BMIiCTOM aJlio-
MIHIIO € HaWOUIbII IIMPOKO BUKOPHUCTOBYBAHMMHU. 3HAuHAa YacCTHMHA PAaHHIX PO3POOOK IUX
MOKPUTTIB Oya MoB's3aHa 3 aBialliiHOO MPOMHUCIOBICTIO. Ha BiMiHY Bij] CIUIaBiB Ha OCHOBI
HIKEITI0, aJTIOMIHIEBI TTOKPUTTS HA 3aTI3HUX CUCTEMAaX, TAKUX K >KapOMIIHI ayCTEHITHI HEepXKa-
BiIOY1 CTaJji, € Habararo MEHII BUBYCHHUMHU.

Hacrorogni qoctatHbo BenMKa KIIbKICTh IMHAMIYHOTO 00JIaIHaHHS, TAaKoTro SIK TypOOHa-
COCHI 1 TypOOKOMIIPECOpHi arperatu Ta TypOiHHU, IPAIIOIOTh Y HAJIBAXKKUX YMOBAX, ITi/IBUIIIE-
HUX TeMIIeparypax, TUCKaX, OMPOMIHEHHI TOIIO, BiJl MaTepialy SIKUX BHUMAaraeTrbcs CTIHKICTb
JI0 BUCOKOTEMIIEpaTypHOi kopo3ii. OCHOBHUM MarepiajioM JyIs iX BUTOTOBJICHHS € CTalll, &Kapo-
MIIHI HEPKaBil0Yl CTaJll ayCTEHITHOTO 1 MepeXiTHUX KJIaciB, 3aBJSKU iXHII 4yA0Biil BUCOKOTE-
MIIepaTypHiil MIIIHOCTI Ta TEXHOJIOTIYHOCTI NP KIMHATHIN Temmeparypi.

© O. I1. 'anionosa, H. B. Tapenbhuk, 2024
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Takum 9MHOM, OCTAaHHIM YacOM aJliTyBaHHS CIUIABIB Ha OCHOBI 3a1i3a OTPUMAJIO HOBHH 1M-
nynec [5], sk 3aci0 MOKpalleHHs BUCOKOTEMIIEpaTypHOi KOPO3iiHOI CTIHKOCTI Marepiaiis, sKi
MOXYTh OyTH BUKOPHCTaHI B 0araTbOX rajxy3sx €HEpPreTHKU. Xo4a aJlFOMiHI€B] ITOKPUTTS J10CTa-
THBHO HIMPOKO BUKOPHUCTOBYIOTHCS Y TIPOMHUCIIOBOCTI, TOTOUYHHUM JTOCTIIHUIBKUNA 1HTEpeC 10 3a-
XUCHHUX TTOKPHUTTIB 30CEPEHKEHUI Ha BUBYCHHI IIOKPUTTIB 1 BIOCKOHAJICHH] METO/IIB X CHHTE3Y.

AHaJi3 ocTaHHIX AocTiTxKeHb i myOmikamniii. Biqomo [6], 10 3 MEeTOXO HaJaHHS 3aJ1130BY-
IJICIEBUM CILJIaBaM I1JIBUIIEHHS OKAJTMHOCTIHKOCTI, Oropy arMoc(epHii Kopo3ii 1 psay 1HIIUX
BJIACTUBOCTEH 3aCTOCOBYIOTH aliTyBaHHA. KpiM TOro, MOKPHUTTS Ha OCHOBI AIOMIHIIO XapaKTe-
PHU3YIOTHCSI BUCOKOIO TEMIIEPATYPOIO IUIABJICHHS, HU3bKOIO IIUIbHICTIO, BACOKUM MOAYJIEM IIPY-
YKHOCTI, XKAPOMIIIHICTIO, CTIMKICTIO 10 OKHCIICHHS 1 3aiiManHs [7].

Kopo3is amroMiHio Ta oro cruiaBiB Oyia MIUPOKO BUBUEHA B PI3HUX CEPEIOBHINAX: aTMOC-
depHa Kopo3ist, KHCIOTH, XJIOpHIU Toio. Yuctuii amomiHii (99 % abo BuIie) Mae yxe Xopoury
CTIMKICTB 10 aTMOC(hEpHOT KOpO3ii Ta MAXOIUTH AJIsl 3aXUCHOT0 aHOAyBaHHS [§]. OCKUTbKY ato-
MiHii € aHOIOM JIO CTaJIi, BiH 3aXHIaTUME 1 BiJl raJlbBaHIYHUX BIUIMBIB Y MOPCHKii Boxi [9].

Jlnst oTpyMaHHS aTFOMiHIEBUX MTOKPUTTIB HA CTAJICBUX IT1AKIIA/IKaX BUKOPHCTOBYETHCS BETHUKA
KUTBKICTh MeTomiB. TOHKI TMOKPHUTTS Ha OCHOBI Al 3a3BW4aii BUTOTOBISIFOTHCS Meronamu PVD,
IBAD a6o meronamu Hanwnenns [ 10-12]. {udys3iitHi MeToau BUKOPUCTOBYIOTHCS ISl OTPUMAHHS
OLTBII TOBCTUX MOKPHTTIB (JI0 KIJTBKOX COTEHb MKM). Taki METO/I BUKOPHUCTOBYBAJIHCS AEKLITHKOMA
aBTOpaMH JJIsl PI3HUX IUIEH, cepel IKUX 3aXHCT BiJ KOpPO3ii B COTOHUX a00 MOPCHKHX CEpPEeOBHU-
miax [13]. Kpim Toro, aBropamu [14] mokaszaHo, 1o KOpo3iifHa CTIHKICTh aJliTOBAHUX MOKPHUTTIB
Kpallia, SIKIIIO TOBIIMHA MOKPUTTIB 301bIIy€eThcs. OHAK METOAU XIMIKO-TEPMIYHOTO 00pOOIEeHHS
MArOTh 3HAYHI HEIOJIKH, II0 0OMEXKYIOTh 1X BHKOPUCTAHHS B IIPOMECIIOBOCTI.

ATIOMiHI€BI MMOKPUTTS HA CTAJIEBHX MIAKIAJKaX MalOTh BEIUKUN 1HTEpeC uepe3 YTBO-
peHHs crionyk Fe—Al, sKi BUSBISFOTH Jy>Ke [iHHI BJaCTUBOCTI: XOPOIIli MEXaHIYHI BIACTHBO-
CTl, HU3bKY IIUIBHICTD 1 JIOCTYMHICTh CHPOBUHU 3 XOPOIIOKO CTIHKICTIO 10 KOPO3ii Ta OKHC-
aenns [15; 16]. [TokpuTTs Ha OCHOBI iHTepMeTaneBux croiyk Fe—Al € mepcriektuBHIUMY 17151
BUKOPHCTAHHS B CEPEIOBUIIAX 13 BUCOKMMHU TEMIIEpaTypaMu uepe3 IXHIO0 BHCOKY >KapoCTiii-
KICTh 1 HU3bKY COO1BapTICTh.

OtpumanHsi 10OpOro METajIeBOT0 KOHTAKTY MDK CTaJUII0 1 aTlOMiHIEBUMHU CIIJIaBaMU
YCKJIQTHSIETHCSA BEJIMKOIO CIIOPITHEHICTIO aTIOMIHIIO 0 KHUCHIO 1 3HAYHOIO MIIHICTIO OKUCY
amoMiHiio (A1203), Ipo MO CBIAYUTH TEIUIOTAa YTBOPEHHS i€l CHONYKH, IIO TOPIBHIOE
400 xkan/moiab. OqHAK OCHOBHOIO MEPEIIKOIO0 € XIMIYHA B3aEMO/Iisl IIUX METAaJIiB, IO MPH-
BOJIUTH 70 HEOOOPOTHOTO YTBOPEHHS 1HTEPMETANEBUX CIONIYK MO JNiHil mepexony. Tomy Bu-
BUCHHS BIUIMBY PEXKUMHUX ITapaMeTpiB MOBEPXHEBOT 00OpOOKHU Ha SIKICTh OKPUTTSI CTAHOBUTD
3HAYHUH 1HTEpeC.

[lepcneKTHBHIM METOAOM TOBEPXHEBOTO MOAM(DIKYBaHHS € €NEKTPOICKPOBE JIETyBaHHS
(ELJT), 1o 103BOJISIE OTPUMYBATH IOBEPXHEB1 CTPYKTYPHU 3 YHIKQIBHUMHU (P13UKO-MEXaHIYHUMHU
1 TpubonoriuauMu BractuBocTaMU. [lepeBaroro EIJI € exonoriuna 6e3mneka mpoiiecy, BUCOKa
MIIHICTh 34YETUICHHS JIETOBAHOTO IIapy 1 Marepialy OCHOBH, MOKIMBICTh HAHECEHHS Ha 3Mill-
HIOBAJIbHY TOBEPXHIO OyJb-SIKUX CTPYMOIIPOBIJTHUX MarepiajiiB, HU3bKa €HEPrOEMHICTh MPO-
1[eCy, IPOCTOTa BUKOHAHHS TEXHONOTiYHO1 onepariii [17]. EnmexTpoickpoBe neryBaHHs, BOJIOII-
I0YH MTUPOKUMHU MOYKIJTHBOCTSAMHU (DOPMYBAHHSI B IMIOBEPXHSAX IEBHOI CTPYKTYpH, (a3oBoro Ta
XIMIYHOTO CKJIay, TO3BOJISIE MOMIMIIUTH IX eKCIUTyaTalliifHi BIaCTHBOCTI.

[Ipouec EIJI exonoriyHo yMcTUi 1 O€3MeUHM, TOMY IO 3A1MCHIOETHCS MpPU HAmpysi
20-100 B i TpuBanocti iMmyascaux pospsanis 10°-107 c¢. IIpu npomy ToBmuHA HOpPMOBAHUX
nIapiB 3 TBEPAUX CIuIaBiB cTaHOBHUTH ~ 0,01-0,15 MM, a 3 TUTACTUYHMX 1 OLTBIIT JISTKOIIABKAX
MaTepialiiB map MOKPUTT Moxke pocsrat > 0,3—0,5 mm. Y 30H1 po3psy e1eKTpoepo3is, Ma-
COIlEpEeHEeCeHHs MaTepiaty eJeKTpoiB (y MapoBii, piKii 1 TBepAil ¢aszax), KpucTanizauis Ta
1HIII SIBUILA TIPOTIKAIOTh Y JIy’K€ HEPIBHOBAKHHUX YMOBAX, 1[0 CIIPUSIFOTH YTBOPEHHIO CTPYKTYP
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3 IpiOHUM 3€PHOM, BUCOKOIO IIUIBHICTIO JMCIIOKAIlii, 3 0COOIMBUM HaIpyx)eHo-nedopmoBa-
HUM CTaHOM, MEBHUMH (DI3UKO-XIMIYHUMHU BJIACTUBOCTSAMH. 3MIHIOIOUM TApaMEeTPH 1 YMOBH
ElJL, MoXHa peryaoBaTi MiKpOMETadypriiiHi Mpouecu B Iiif 30Hi, MIPOBOIUTH CIPSIMOBAHUIN
CHHTE3 TYTOIUIABKHX 1 IHIIUX XIMIYHUX CTIOJYK 1 (hOpMYBaTH CKJIaJH1 KOMITO3HIIIHHI TOKPHUTTS
3 IHTEepMEeTaITi 1B, KapOidaiB, HITPUIIB, OKCHIIB SIK 32 PaXyYHOK MaTepialliB €JIEKTPO/IIB, TaK 1 eye-
MEHTIB MIXKEJICKTPOJHOTO CEPEIOBHIIIA.

BuninenHsi Hegoc i uKeHUX YaCTHH 3arajbHol npoodJjemu. [lonpu He3anepeuHi nepe-
Bard €JIEKTPOiICKPOBOTO JIETyBaHHs, BAKOPUCTAHHS JieTaneld, 00poOJIEHUX iCKPOBUM IMITYITb-
COM, Yy TIPOMHUCJIOBOCTI HEJOCTATHRO MUPOKE. 3aCTOCYBAHHS IILOTO CIIOCO0Y B MAIIUHOOY/TY-
BaHHI CTPUMYETHCS BIJICYTHICTIO JOBIJIKOBOTO MaTepiajy IIOMO ONTHUMI3alil PEeXHUMIB
00po0IIeHHS, BUOOPY €IEKTPOIHOrO Marepiany i BU3HAYEHHI raiy3i parioHaJbHOI eKCITya-
taiii 00pobieHux mopepxoHb. Y mpoueci ELJI 6epe yuacTs neryrouunii enekrpos (aHom), o
00p0o0Isie OBEPXHIO JeTa (KaToj) i MiXKEICKTPOIHE CEPEOBUIIE, BAPIIOIOUN SIKHMH CTA€
MOYIMBHM LIJIECIIPSIMOBaHE KEpyBaHHS (OPMYBaHHSM EKCILTyaTalliiHUX BIACTHBOCTEH.

MeTo10 cTaTTi € OIliHKA KapPOCTIHKOCTI €IEKTPOICKPOBHUX MOKPHUTTIB, III0 MICTATH aJIFOMi-
Hill, OTPUMaHUX Ha CTaJISIX.

Metoanka gocaixkeHb. Ik 0CHOBY BUKOPUCTOBYBaU 3pa3ku 31 craneit 20, 12X18H10T
1 06X 12H3 1JI po3mipom 15x15%8 MM, Ha sIKI HAHOCHJIM aTFOMiHi€B1 TOKPUTTS MeTonoMm ELJI
Ha YCTAHOBIII 3 py4yHUM BiOparopom mMoneii « Emitpon-52A». B sIKOCTI eeKTpoiB BUKOPUCTO-
BYBaJIM CTPUKHI 3 aJlFOMiHI€BOTO OpoTy Mapku CBA99 — niamerpom 4 MM, Hikelno — @ 3 MM,
Hixpomy (80 % Ni + 20 % Cr) — @ 3,5 MM, xpomy — @ 3 MMm.

JleryBaHHS 3/1iICHIOBATIOCS HA PI3HUX PEKUMAX, KOKHOMY 3 SIKMX BiJIIIOBIJIa€ CBOSI €HEPTisl
PO3psAY i MPOAYKTUBHICT — IJIOMIa C(HOPMOBAHOTO TIOKPHUTTS B OAMHUINIO Yacy (Tabm. 1).

Tabnuys 1 — 3anesxcnicmo npooykmusrnocmi EIVT 6i0 enepeii pozpsoy [18]

Enepris pospsaay (W), [k 0,05 0,13 0,52 1,3 2,6 4.6 6,8
HpOI[yKTI/IBHiCTL,CMZ/XB 0,4-06 | 0,709 | 1,0-1,3 | 1,3-1,5| 1,5-2,0 | 2,0-2,5 | 2,5-3,0

Y po06oTi MpoBeeH1 TOCTIIKEHHS 3 OLIIHKH KapOCTIMKOCTI aliTOBAaHUX IMOKPHUTTIB, OTPHU-
manux EUJL. JJocnimkyBanucs Tpu cepii 3pa3kis:

—nepuia cepist — 3pasku 31 crani 20, EUI mapu orpuMyBanu 3a JBa IpOXoAH, CIIOYATKy 3
eHeprieio po3psaay Wy = 2,6 JIx i npoxyktussicTio 1,8 cm? / xB, a moTiM, 3 W) = 1,3 JIx i mpo-
nyktuBHicTIO 0,8 cM? / XB. SIK MOKa3aIu AOCTiKEHHS, MCA Takoi 06poOKH HOPMYIOThCS AKi-
cHi mokpuTTs (cyuinbHicTh 100 %) 3 HU3BKOIO MIOPCTKiCTIO [18];

— npyra cepis — 3pas3ku 31 ctani 12X18H10T. Oanomaposi nokputts Al, Ni, Cr 1 Hixpomy
(80 % Ni + 20 % Cr) BuxonyBanu y tpu npoxoau EIJI, HOCTyIOBO 3MEHILIYIOUH €HEPTii0 PO3-
psny: nepmuit npoxia npu Wy, = 0,52 JIx, npyruit npu 0,13 JIx 1 Tpertiit npu 0,05 [Tk, 3a0e3-
NEeYyIourd MakCHUMallbHy CyUUIbHICTh MOKpUTTS (100 %) 1 MiHIManbHy IIOPCTKICTh Ha PIiBHI
Ra =0,7-0,9 mxm. JBomaposi mokputtst EIJ Al + EIJl Ni BUKOHYBanu y MOCHiIOBHOCTI:
EUI Al mpu W, = 0,52 [T, nactynuuii map EIJI Ni npu W) = 0,13 . /[BomapoBi HOKpUTTS
EUTAl + ELT wixpom (80 % Ni + 20 % Cr) BuxonyBamu y mnocmigoBHocti: EIT Al mpu
W, = 0,52 [Tk, npyrwuii map ELI mixpom (80%Ni+20%Cr) mpu W, = 0,13 JIx. /s 3MeHmeH s
IIOPCTKOCTI OBEPXHI Micis (opMyBaHHs IBOIIAPOBUX MOKPUTTIB BUKoHYBanu ELJI amomiHi-
€BHUM €JIEKTPOAOM 1pH eHeprii po3psay 0,05 Ik mo mopcerkocti Ra = 0,7-0,9 MkMm.

— TpeTs cepist — 3pasku 31 ctani 06X 12H3JIJ1. EIJI BukoHyBanu y Tiif camiii moCiJOBHOCTI,
BUKOPHCTOBYIOUH MOIOHI peKuMH, 1110 1 Ha ctami 12X18HI10T.

BunpoOyBaHHs Ha *apoCTIHKICTh MEpPIIOi cepii 3pa3KiB MPOBOJMIN BiIMOBIIHO 10 CTaH-
napty (I'OCT 6130-71. Metanu. Metony BU3SHaYEHHS )KapOCTIUKOCT1), SIKHW BU3HAYAE METOIH
JOCTI/IKEHHS KapOCTIHKOCTI B YMOBAxX BIUIMBY Ia30BUX CEPEIOBHII 1 MOBITPS MPHU BUCOKUX
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temMrieparypax. JKapocCTiiKiCTh BU3HAYAJIACs ITiCJISI BATPUMKH 3pa3KiB y 1edi mpotsroM 50 ro-
JIMH MpU TOCTiiHIN Temnepatypi 980°C, BaroBUM METOIOM IO 3MiH1 Macu 3pa3kiB. [1pu Bumpo-
OyBaHHI Ha KapOCTIHKICTh 3a0e3reuyBaii piBHOMIpHE OMHUBAaHHS MOBEPXHi 3pa3KiB ra30BUM
CepeIoBHILIEM, 3pa3KU PO3MIIIYBaJH B IIeUl B KepaMiuHUX TUIIAX. [lepen BumpoOyBaHHIM 3pa-
3KW OyJIM TTPOCYIIEHI 1 3BayKEH1 Ha aHATITUYHUX Barax 3 TOYHICTIO 70 +0,1 mr. IToBepxHs 3pas-
KiB 3HE)KMpIOBaiacs. Takok BUMIprOBaiacs Iuioma ix noBepxHi. JIiHIIHI po3mipyu BU3HAYATIN
MikpomeTpoM. [Ticiis ITbOT0 3pa3Ku B TUIVISIX 3 OKHUCY aIOMIHIIO ToMimaiu B mid. KokeH 3pa3zok
3HAXOJUBCS B OKpeMoMy THIII. HarpiBaHHs 3pa3kiB MPOBOAMIOCS B €JIEKTPUYHIN TI€Ul OMOPY
(TeMrieparypa KOHTPOJIOBaIacs TepMomnaporo). KapoCTifKiCTh CIUIaBy BHU3HAYAIW 1O 3MiHi
Baru 3pasKa Miciisi KOKHUX 3-7 TOAMH BUTPUMKH B TIeUi, BITHECEHOTO /10 HOTO IO TOBEPXHI.
301IBIICHHS Macu 3pa3ka BU3HAYAIOCs 32 PI3HULICIO PE3y/IbTaTiB 3BaXKyBaHHSI XOJIOAHOIO 3pa-
3Ka JI0 1 Micisi BATPUMKH B I1€Yi.

OniHOBaHHSA KapOCTIMKOCTI MPOBOIMIIN 3a 30UTBIIEHHSIM MacH 3pa3ka 3a MeBHUI mepion
yacy Ha ouHUIO mionti K, r/m?:

K="
ne Am — BTpaTa Macu 3pa3ka IpHu BUIPOOyBaHHI, T;

S — 3aranbHa IUIOIIA MOBEPXHi 3pa3Ka, M2.

BunpoOyBaHHs Ha >KapoCTiMKICTh APYroi 1 TpeThoi cepii 3pa3kiB MPOBOIUIHN HUISIXOM
BHU3HAYCHHS 3MIHM MacH 3pa3KiB /0 1 miciiga BUMPOOYBaHHS, PO3MIpH SIKUX OyJIM OJIMHAKOBI
JUTSL BCiX MeToJiB 00poOku (15%15%8 Mm). Takum yuHOM, BU3HAYAIN a0COJIFOTHE 3HAUYCHHS
3MiHH Mac 3pa3kiB. KapocTiiKiCTh BU3HAYANACA MICJIA BUTPUMKH 3pa3KiB y Medi MPOTATOM
10 roguu nipu noctiiHii Temmepatypi 950 °C. Ilepen BunpoOyBaHHSM 3pa3Ku OYyJIH MPOCY-
IICHI 1 3Ba)KCHI Ha aHAMITHYHUX Barax 3 TouHicTio 10 £0,1 Mr. [ToBepxHs 3pa3KkiB 3HEKUPIO-
Banacs. [licis 1poro 3pa3ku B TUTIIAX 3 OKUCY aliOMiHIO momimanu B mid. KoxkeH 3pa3ok
3HaXO0JIMBCA B OKpeMOMY THUTJIi. HarpiBanHs 3pa3kiB MpOBOJMIIOCS B €IEKTPUUHIN 11e4i 0nopy
(TeMIepatypa KOHTPOJIIOBAJIACs TEPMONaporo). B AKkocTi mokazHUKA )KapOCTIHKOCTI BUKOPHU-
CTOBYBaJIM aOCONIOTHE 3HAUEHHS 3MIHU Mac 3pa3KiB /10 1 Mmicis BUNPOOyBaHHs. 3MIHU Macu
3pa3ka KOHTPOIIOBAIM KOKHUX 10 roJuH BUTPUMKU B 1eyi. 301IbLICHHS MAacH 3pa3Ka BU3Ha-
4ajocs 3a PI3HULICIO Pe3yJIbTaTiB 3BaXKyBaHHS XOJIOHOTO 3pa3Ka 10 1 MiCIisi BATPUMKH B TeYl.

J11s nopiBHAHHA NOKa3HUKIB XKapOCTIMKOCTI, 3pa3Ky 13 TOCHIKYBAaHUX CTaleH M1/1aBaIn
KJIACHYHOMY aJlITyBaHHIO — y PO3ILIaB1 allfOMiHI0 BIAMOBIAHO 70 [19], 1 6€3 mOKpHUTTS.

[MopcTkicTh MOBEpXHI 3pa3KiB AOCTIHKYBaIU HA Tpwiaal npodiutorpad-npodiiomMerp
moz. 201 3aBony «Kanibp». MeranorpadiuyHuil aHasmi3 NOKPUTTIB Micis BUNIPOOYBaHHS Ha
XKapOCTIMKICTh BUKOHYBAJIH 32 JIOIOMOT'0I0 ONITUYHOT0 Mikpockorna MIM-7, 1o 1 micins Tpas-
neHHs. CyliIbHICTh HAHECEHUX MOKPUTTIB BU3HAYAIN METaIorpadiuHuM METOAOM.

PesyabTaTu pocaigxenns. Y po6oti [18] aBTopamMu AOCHIIKEHUH CTPYKTYpHUH CTaH
aNITOBaHUX MOKPUTTIB HAa KOHCTPYKUiMHUX cTanax 20 i 40. MeranorpadiuHum, JOKaIbHUM
MIKpPOPEHTT€HOCIIEKTPAJIbHUM 1 JIOPOMETPUYHUM aHaTi3aMU BUSIBJICHO, 1110 Ha MOBEPXHI (Po-
pMy€eTbCs «O1TUi map» — map, U0 He MiIJA€THCS TPABICHHIO 3BUYalHUMH peaKTUBaMU, BiH
HAaCUYEHUH aIOMIHIEM 1 Ma€e MiABUIIEHY TBepAicTh Oau3bko 7400 Mlla, 3anexHo Big eHeprii
po3psay. [lix 611um mapom po3TamoByeThes qudy3iiiHa 30Ha, y K1l BMICT alFOMiHIIO 1OC-
TYIIOBO 3MEHIIYETHCS J0 XIMIYHOTO ckiaxy ocHoBH. IlepeBara EIJI mokpuTTiB y ToMy, 1m0
BOHM MalOTh JOOpHi aiares3iiiHuil 3B'A30K 3 OCHOBHMM MaTepiajioM, BOHU HE BiJIIIAPOBY-
I0THCS, @ MIITHO 3UCIJICHH] 3 MiAKIaAKOM0. K MOoKa3anu TOCTiIKeHHS, alliTOBAHUN 1Iap Mae
toBiuHy 30-70 Mxm Ha ctaini 20, 1 30-130 mxm Ha ctani 40. BaxxiuBuM napaMeTpoM CTpyK-
TYpH € CyHiIbHICTh MOKpUTTA. [Ipu eHeprisx po3psny 2,6 JIx i Oiibllie oTpUMaHi MOKPUTT S
13 cymimeHicTIO 100 %.

95



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 2(36), 2024
TECHNICAL SCIENCES AND TECHNOLOGIES

AHaJi3 iarpamMu CTaHy 3aj1i30-aaroMiHii nmoka3sye [16], mo B ElJI-mapi iimoBipHEe hopmy-
BaHHS IHTEpMETAaIIi 1B, 10 MIATBEP/HKYETHCS BUCOKOIO TBEPIICTIO MOKPHUTTS. Takok HEe MOXKHA
BHUKJTIOYATH (POPMYyBaHHS HITPHUIIB 1 OKCHIIB, OCKUIBKH €JIEKTPOICKPOBE JISTyBaHHS 3/1IHCHIO-
BaJIOCs Ha MOBITPi. Jly’ke IMOBIpHI HEBEIMKI 00CATH YMCTOTO MaTepiany enekrpoaa. Y pooorti
[20] aBTOpamu BU3HAueHHUI (a30BU CKJIal aliTOBaHUX MOKPHUTTIB Ha craimsix 20 i 40. Ilpu
EHEPrisixX po3psLy, IO NPUBOIATH 10 (HOPMYBaHHS CYLIBHOTO MOKPUTTS, (hopMyeThes dasza 3
MOHOKJIIHHOT cTpyKTypoto — FesAl13 (12 mpocropoBa rpyma) i 0caIKy€eTbCsi YUCTUN aTFOMiHIN
(225 mpocroposa rpyna). OueBuaHO, MOsIBA IHTEPMETANITHUX (a3 1 cripuse 301UIbIICHHIO TBE-
PAOCTI MOKPUTTS 31 301UIBIICHHSIM €HEPTii po3psay, a TAKOXK, OYEBUIHO 1 )KAPOCTIHKOCTI.

Sk Oyno BU3HAYCHO, aiTOBaHI MOKPUTTS 3a0€3MeUyI0Th 3a1130BYTJICIICBUM CILUIaBaM IIiI-
BHIILICHY JKapOCTiiKicTh. BunpoOyBaHHs 3pa3kiB 3i ctaii 20, mpoBeeH] Ha MOBITPi MIPH TEMIIE-
patypi 980 °C npotsarom 50 roaun nokazanu, o EIJI mokpHuTTs XapaKkTepu3yrOThCsl BUCOKOIO
YKAPOCTINKICTIO, HABITh JICIIO BUIIO0, HIXK MICIIs KIIACHYHOT TEXHOJIOT11 aliTyBaHHS B PO3ILIaBi,
110 JTA€ MOKJIMBICTh PEKOMEHTyBaTH TeXHOJIOT1t0 EIJI amfoMiHIEBUM €JICKTPOIOM 3 METOFO Tijl-
BUIICHHS CTIMKOCTI CTalli IO OKUCHEHHSI IPH T1IBUIIEHUX TeMIieparypax (puc. 1).
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Puc. 1. Kapocmiuixicme animoganux nokpummis na cmani 20
(eunpodyeanns na nosimpi npu 980 °C, 50 200):
1 — 6e3 nokpumms; 2 — animysaunsi memooom EL/I; 3 — animysanus 6 po3niasi anominiio
Jxeperno: po3pobiieHo aBTOpamH.

[TpoBeneni metanorpadivyti TOCIIPKEHHS XapaKkTepy OKUCIECHHS 3pa3KiB Micisi BUIPOOY-
BaHHs Ha KapocTiikicTb. Ha Bcix 3pa3kax crocTepira€TbCsi HassBHICTh OKCHIHUX BKIIIOUEHD,
0COOJIMBO IHTEHCUBHO OKHUCIMIIUCH 3pa3ku 0€3 3aXMCHOro NOKpUTTA (puc. 2, a). [loBepxHeBuit
I1ap Micis pIIUHHOTO ajJiTyBaHHS KpiM Au(y3iiHOT 30HM MICTHTh Ha TTOBEPXHI 30HY 3 aJIIOMi-
HiI0, 10 3aJIMIIMBCS MICJIs IPUIMHEHHS Mpoliecy anityBaHHs. [licns BUIpoOyBaHHS Ha Kapo-
CTIUKICTB (pHUC. 2, 6) CIIOCTEPIra€ThCsl OKUCHEHHS METally IiJl HOKPUTTSAM, PO L0 CBITYUTH
HasIBHICTh OKMCHOT'O MPOIIAPKY, SIKWI BIIALISE MOBEPXHEBUH 11ap 1 0ocHOBY. OueBHIHO, O10-
HUI XapakTep pyWHYBaHHS IOKPHUTTS 1, OTXKE, OKUCHEHHSI OCHOBHOTO METaJy MPU3BOIUTH JI0
301IbIIEHHS MacH 3pa3KiB IPU BUCOKOTEMITEPATypPHUX BUIPOOYBAHHSIX.

Ha 3paskax 3 anitoBaHMM NMOKPUTTSAM, oTpuManuM meronoM ELJI, cnocrepiraeTbcs 3MeH-
IIEHHS TOBIIMHU «Oi10roy mapy (puc. 2, 2), OTKe MpU BUCOKOTEMIEpaTypHUX BUIIPOOYBaHHSIX
BiI0yBa€eThCsl PyHHYBaHHS MOBEPXHEBOTO IIApy, 1 3MiHA Macu MOB’si3aHa 3 (PI3HUKO-XIMIYHUMHU
npoliecaMy, 10 BiI0yBalOThCA EPEBaYKHO B TOBEPXHEBOMY IIapi, a HE B OCHOBHOMY MeTauti. [lo-
BEpXHEBUI aJIITOBAaHUM I11ap, 1110 CKIAIAETHCS 3 IHTEPMETANIIIB 3a1i3a 1 AIIOMIHIIO, 8 TAKOXK YHC-
TOT0 JIFOMIHII0 Ha/IIHO 3aXMILA€E CTaNb BiJl OKUCHEHHS IT1]] 4Yac BUIPOOYBaHHS Ha ’KapOCTIMKICTb.
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Puc. 2. Mixpocmpyxkmypu arimosanux nokpummie na cmani 20 nicin sunpooysamnms
Ha dcapocmitxicmo (6unpooysanusn na nogimpi npu 980 °C, 50 200):

a — be3 nokpumms (HempasneHul winigh); 6 — animyeanus 6 posniasi artoMinito (Hempaeie-
HUl winigh); 8 — animyeanHs 8 po3naasi anominilo (nicis mpaenenns 6 3-5 % pozuuni HNOs);
6 — animysants memooom EL/ (nicnis mpaenenns y 3-5 % pozuuni HNO3)

Jlxeperno: po3po0IeHO aBTOPAMH.

Busnaueni abcomoTHI 3HaYeHHs 3MiHM Mac 3paskiB ctaynedt 06X12H3JJT 1 12X18H10T
micyiss BUNPOOYBaHHA Ha KapocTidkicte mpu Temmeparypi 950 °C Bopomox 100 roaun
(puc. 3). Tak camo, sk 1 Ha cTaiui 20 BU3HAYEHO, 110 €JIEKTPOICKPOBI MOKPUTTS HA PiBHI JUdy-
31HMX 3aXUIIAIOTH CTAJb BiJ OKUCHEHHA. BapTo BiIMITHTH, 110 HaWKpaIlli MOKa3HUKH MalOTh
MOKPUTTS, 10 MIcTATh amominiit — EIJI Al, To6to anityBanns metonom ELL, 1 EIT Al + EIJI
Hixpom (80 % Ni + 20 % Cr), To6T0 6araromapose EIJI moKpuTTs, 1110 HAHECEHE TOCIIIJOBHO
I1ap aJIFOMIHIIO 1 HACTYIHMH 1map i3 Hixpomy. OueBUAHO, 1110 CTBOPIOBaHI B MMOKPUTTI Mij yac
EUT ¢a3u 3abe3neuyroTs HaAIHUI 3aXUCT CTalll Bl BUCOKOTEMIIEPATypHOTO OKHMCHEHHs. Ta-
KOX CJI1J1 BpaxOBYBaTH SIKICTh OKPHUTTIB. Pesxumu 06poOKu 00paHi TaKMM YMHOM, 11100 3a0e3-
NeYyBaTH MaKCUMaJIbHY CYIUTBHICTD IOKPUTTS Y IMOETHAHHI 3 MiHIMaJIbHOIO IOPCTKICTIO. [To-
PIBHSHO 31 3pa3kamu 6e3 MoKpHuTTs antominiiBMicH1 ELJI mokputTs MaroTh Ha Guibiie Hix 90 %
MEHIIUH MPUPICT MaCH, IO CBITYUTH MPO e(HEKTUBHHIA 3aXHUCT MIOBEPXHI CTaJli BiJl BUCOKOTEM-
neparypHoro okucHeHHs. OTxke, po3po0JIeHi HOKPUTTS MOXKHA PEKOMEHTyBaTH SIK KapOCTIHKI.
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Puc. 3. 3mina macu 3pasxis 3i cmani 06X12H3/JI (a) i cmani 12X18HI10T (6)
nio yac eunpody8aHHs HA HCAPOCMIUKICID
npu memnepamypi 950 °C enpooosac 100 cooun. [lokpumms Ha 3pasxax:
1 — 6e3 nokpumms;, 2 — mpaouyivne 6 posniaei Al; 3 — ELIl Al; 4 — EIJI Ni,
5 — EUT nixpom (80 % Ni + 20 % Cr); 6 — EIJT Al + EIJI Ni;
7 — EUI Al + ELT nixpom (80 % Ni + 20 % Cr); 8 — ELI Cr

Jlxepeno: po3po0IeHO aBTOpaMHu.
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BucHoBok. J[ocimiKeHHs )KapOCTIMKOCTI €JIEKTPOICKPOBUX aJlITOBAHUX IMOKPUTTIB Ha CTa-
JISIX TIOKa3aJi, 110 Mi/I Yac BUCOKOTEMIIEpaTypHHUX BHIIPOOYBaHb BOHH HE TIOCTYIAIOTHCS TUPY-
3itaEM. JlocmimpkeHHs nepioi cepii 3paskiB — ctam 20 micis anityBanHs metoaom ElJI, mo 3a-
6esneuyro 100 % CyIinbHICTh MOKa3alH, 10 BTpaTa MacH ckiaaae 6mmspko 0,007 Mr/cM? miz gac
BunpoOyBanHs rpu 980 °C Brponorx 50 roxuH 1 O1M3bKO 32 3HAUSHHSM JI0 TIOKPHUTTIB, OTpUMa-
HUX B pO3IIaBi ajmroMiHito. [IpoBenennii meranorpadiyauii aHasi3 XapakTepy OKHUCHEHHS 3pa3-
KiB ITiCJIs BUITPOOYBaHHS HA KapOCTIHKICTD IMOKa3aB, 10 IMiCJIsi BACOKOTEMIIEPATYPHOI BUTPUMKHU
OCHOBHMI METaJl OKHCHIOETKCS, MPO IO CBIMYUTH HASBHICTH OKCHJIIB B TIOBEPXHEBOMY IIIapi.
Oco0nMMBO IHTEHCHBHO OKHCHIOIOTHCS 3pa3ku 0€3 3aXMCHOTO MOKPHUTTS. AJIITOBaHI TOKPUTTS,
OTpUMaHi B po3IlIaBi amtoMiHiro 1 MetooM EIJI, 3axumiaroTh BiJ OKUCHEHHSI OCHOBHUI MeTal,
PO IO CBiJTYUTH MEHIIIMI BMIiCT OKCHIIB B IIPH TIOBEPXHEBOMY IIIapi OCHOBHOTO MeTay. Pe3yib-
TaTH JOCIIHKSHHS Jal0Th MOXKJIMBICTh peKoMeHIyBaTH TexHouorio ELJI anmomiHieBUM el1eKTpo-
JIOM 3 METOIO IMiJBUIIEHHS CTIHKOCTI CTajl 10 OKUCHEHHS MU MiIBUIIICHUX TeMIIeparypax.

JocnimpkeHns apyroi i TpeThoi cepiid 3paskiB (craneit 06X12H3/1JT11 12X 18H10T) mics mo-
BEPXHEBOI 00POOKH MOKa3aB, 10 a0COJFOTHI 3HAUYSHHS 3MiHU MacC 3pa3KiB CTaJlel 3 TOKPUTTSAMH,
mo Mictate amoMiHidi — EIJI Al, To6to amityBanns meromom EUJL, i EIJI Al + EII wmixpom
(80 % Ni + 20 % Cr), To6TO 3 Gararomraposum EIJI mokputrsim, micis BUIIpoOyBaHHS Ha yKapo-
cTiikicTh pu Temneparypi 950 °C Baoponorx 100 roaun, Ha 6ibine Hixk 90 % MeH1Ii, MTOPIBHIHO
31 3pa3kamMu 0e3 MOKPHUTTS, IO CBITYUTH PO e(PEKTUBHUIA 3aXUCT MOBEPXHI CTal BiJI BUCOKOTE-
MIIepaTypHOTrO OKHCHEHHs. OTKe, po3pOo0sIeH] MOKPUTTS MOYKHA PEKOMEH,TyBaTH SIK )KapOCTIHKI.

Pezynomamu uacmkogo ompumano 6 pamkax Hayko8o-00ciiono2o npoekmy « Pozpobka exo-
JIO2IYHO Oe3nedHuUx mexHonociu mooughikayii nosepxni oemanetl 0ONAOHAHHS €eKMPOCAHYILL
KOMOIHOBAHUMU MEMOO0aMU, 3ACHOBAHUMU HA elleKMPOICKPOBOMY J1e2y8aHHLy 3a (DIHAHCYBAHHS
Minicmepcmea oceimu i nayku Ykpainu (Oepoic. peecmp. Ne 01240000539, Cymcokuii Oeparcas-
HULL yHIgepcumem,).
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EVALUATION OF THE HEAT RESISTANCE OF ALUMINUM COATINGS
ON STEELS PRODUCED BY ELECTROSPARK ALLOYING

Increasing operating temperatures of power plant and gas turbine components, combined with the deteriorating quality
of the fuels used, have led to the widespread use of surface modification technologies to ensure extended service life. Cr, Al
and Si based coatings, all individually and in combination, are used to increase the resistance of materials to high temperature
corrosion, including high temperature oxidation and hot corrosion, erosion, erosion-corrosion interaction, wear and thermal
degradation. Coatings with a high aluminium content are the most widely used. The most popular and simplest method of
surface modification in terms of industrial implementation is electrospark alloying (ESA). In most cases, the ESA method is
used to form hard wear-resistant and soft running-in coatings or to restore worn surfaces. The use of electrospark protective
corrosion and/or heat-resistant coatings is an open issue and requires further research.

The aim of this paper is to evaluate the heat resistance of aluminium-containing electrospark coatings deposited on steels.
Steel 20, 12X18H10T and 06X12H3/[JI were used as substrates. Aluminium coatings were formed on Steel 20 using the ESA method,
and single-layer coatings of Al, Ni, Cr and Nichrome (80%Ni+20%Cr) and two-layer ESA Al + ESA Ni, ESA Al + ESA Nichrome
coatings were formed on 12XI8HIOT and 06X12H3/[JI steels using modes that deny 100% continuity and roughness
Ra = 0.7 - 0.9 um. The study of the heat resistance of electrospark aluminised coatings on steel 20 showed that they were not inferior
to diffusion coatings in high temperature tests. It was found that the mass loss during a test at 980°C for 50 hours was about
0.007 mg/cn?’, which is close to that of coatings obtained in aluminium melts. Metallographic analysis of the oxidation pattern of
samples of steel 20 after the heat resistance test showed that the substrate is oxidised after exposure to high temperatures, as evi-
denced by the presence of oxides in the surface layer. Samples without a protective coating are particularly susceptible to oxidation.
Coatings applied in the aluminium melt and by the ESA method protect the substrate from oxidation, as evidenced by the lower oxide
content in the surface layer of the substrate. The study of the heat resistance of samples of 12X18HI10T and 06X12H3/lJ1 steels after
ESA showed that the absolute values of the mass changes in samples of steels with aluminium coatings — ESA Al, i.e. alitisation by
ESA, and ESA Al + ESA Nichrome (80%Ni+20%Cr), i.e, with a two-layer ESA coating, after a heat resistance test at 950 °C for
100 hours, are more than 90% lower than those of uncoated samples, which indicates an effective protection of the steel surface
against high temperature oxidation. Therefore, the developed coatings can be recommended as heat resistant.

Keywords: electrospark alloying; heat resistance; coating; alitisation.
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